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Abstract 
`Generation and Continued Existence of Overpressure in the 
Delaware Basin, Texas. ' 
Tom Sinclair 
The Delaware Basin, part of the larger Permian Basin, contains important hydrocarbon 
plays. Permian strata contain 71 % of in-place oil and 53% of in-place gas, with the remainder hosted 
in the Lower Palaeozoic. Excessive pore fluid pressures (up to - 8000 psi above hydrostatic) are 
found within Early Permian and Pennsylvanian strata, which account for 30-35% of the hydrocarbon 
producing zones. This study has utilised an array of basin analysis techniques to analyse the pressure 
history of the Delaware basin. 
To fully appreciate the geopressure history in the Delaware Basin, a rigorous quantitative 
approach has been applied using advanced thermochronology techniques. This has enabled for the 
first time an accurate burial history curve to be established for the basin. The results show that 
maximum burial occurred in the basin at 55 Ma as a consequence of an additional 6890 ft of 
Mesozoic and Cenozoic sediment. The basin then underwent two major tectonic uplift events during 
the Cenozoic. The Laramide orogeny (55-50 Ma) uplifted and eroded off 3890 ft of sediment, then 
during the Eocene and Oligocene the basin subsided and accumulated a further 600 ft of sediment. 
The Basin and Range event (25-10 Ma) then uplifted and tilted the basin further, eroding off 3600 ft 
of sediment from the centre of the basin. The new burial history curve has been integrated with 
wireline logs and basin modelling software to evaluate the mechanism of overpressure generation 
and its maintenance through geological time. 
This study has shown that the main mechanism for overpressure generation in the Delaware 
Basin was disequilibrium compaction. Analysis of the sonic log using the Equivalent Depth Method 
and the Eaton Ratio Method, combined with velocity / density cross-plots, indicate that compaction 
is driven by vertical loading, and undercompaction seen in the basin is a consequence of the 
sediments' inability to dewater. Basin modelling shows that it was the rapid deposition of the 
Permian sediments that enabled disequilibrium compaction to generate overpressure. These 
techniques have also shown that a secondary cause of overpressure due to unloading mechanisms 
(e. g. gas generation or expansion with uplift, lateral transfer and hydrocarbon buoyancy) may be 
occurring within localised horizons below the Wolfcampian Series. 
Overpressure has been maintained within the basin for more than 250 Myr. Basin modelling 
and wireline logs have shown that numerous intercalated tight limestones (Mississippian to Late 
Permian) acted as pressure seals to maintain overpressure. In addition, low permeability mudstones 
(10"6mD) have contributed to the inability of the Delaware Basin to reach pressure equilibrium. 
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Chapter 1: 
Introduction and Methods 
Tom Sinclair 
1.1 Introduction 
Chapter 1: Introduction 
A geological map of West Texas, a stratigraphic column and a cross section 
through the Delaware Basin, are included at the end of this chapter for reference 
throughout the thesis (Fig's 1.1 and 1.2) 
The Delaware Basin is a Palaeozoic foreland basin located in West Texas in 
the United States of America (Figs 1.1 and 1.2). Over 23,000 ft (7 km) of 
Phanerozoic sediments have been deposited in the basin, with the majority of 
deposition occurring during the Palaeozoic. The Mesozoic was a time of relative 
stability in the basin, while the Cenozoic was associated with phases of substantial 
uplift and erosion in the basin. The Delaware Basin is part of the larger Permian 
Basin, which is an important hydrocarbon producing province, accounting for 17% 
of United States production (327 million bbl) in 2002. Within the Delaware Basin, 
the majority of hydrocarbons are found within Permian strata, where 71% of in-place 
oil and 53% of in-place gas is being produced from the Permian strata. The 
remainder (predominantly gas) is produced from Pennsylvanian or Lower Palaeozoic 
strata. 
The basin is overpressured in the deep section, where the overpressured 
section is isolated. The pore pressures in the Lower Permian Wolfcampian Series and 
the Pennsylvanian System are up to 8000 psi above hydrostatic, but sediments above 
and below this section are hydrostatically pressured. The existence of overpressure 
within clastic dominated basins has been known for several decades. In oil and gas 
exploration, predicting the depth and magnitude of an overpressured reservoir before 
and while drilling could potentially save the costs of a blow out, kicks, stuck pipe 
and other problems associated with overpressured rocks. 
This chapter introduces the reasons for studying overpressure in the Delaware 
Basin, the aims of the study, the way the research was carried out, and how the 
results are presented in this thesis. 
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1.2 Context of study 
The occurrence of fluid pressures above the hydrostatic pressure gradient is 
common in many sedimentary basins and is termed overpressure (Spencer 1987; 
Hunt 1990; Osborne & Swarbrick 1997 and Swarbrick et a! 2002). High fluid 
pressures in sedimentary basins can be attained by a variety of different geological 
processes and mechanisms. These include the rapid deposition of low-permeability 
sediments (disequilibrium compaction), the generation of hydrocarbons, mineral 
transformation, aquathermal pressuring, hydraulic head and osmosis (Swarbrick et al 
2002). Disequilibrium compaction is often the cause of overpressure in young 
Tertiary deltaic systems (e. g. Mississippi delta, Gulf of Mexico; Niger delta, West 
Africa and Mahakam delta, SE Asia), where elastics are deposited rapidly on top of 
low permeability mudstones. If pore fluids cannot escape at a rate quick enough to 
allow pore pressure to equilibrate in the system, then overpressure will develop. 
What has not been understood is how overpressure can exist in older basins 
that have not undergone active subsidence for tens or even hundreds of millions of 
years. In many `old' Palaeozoic basins, areas can be found with extensive 
overpressuring and this is particularly the case for many basins within the United 
States (e. g. Delaware Basin west Texas, and the Anadarko basin Oklahoma). A near 
zero permeability seal (less than nanoDarcy scale < 10-6mD) is needed to maintain 
any overpressure in the system for tens to hundreds of millions of years, given that 
overpressure developed through disequilibrium compaction during the basin's 
formation. For this reason, alternative mechanisms for overpressure generation are 
often proposed to explain overpressure in Palaeozoic basins. Mechanisms such as gas 
generation might have occurred later on in the basin's geological history, helping to 
explain the occurrence of overpressure at present day. 
Numerous authors, (Luo et al 1994; Lee & Williams 2000; and Hansom & 
Lee 2005) have studied overpressure in the Delaware Basin, with both disequilibrium 
compaction and later fluid expansion mechanisms being proposed to explain the 
presence of the overpressure. This study aims to achieve a more accurate 
understanding of the overpressure in the Delaware Basin, with emphasis on the 
maintenance as well as the mechanism behind generation. 
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1.3 Aims of study 
The aims of this study may be summarised as: 
" In the current literature on the Delaware Basin (Hills 1984; Horak 1985; 
Barker & Pawlewicz 1987; Frenzel et al 1988; Luo et al 1994 and Hill 1996) 
there are numerous variations on the burial history of the basin. This study 
aims to accurately deduce the true burial history of the basin. 
9 There is limited published literature concerning the pore pressure history of 
the Delaware basin (Luo et al 1994; Lee & Williams 2000 and Hansom & 
Lee 2005). This study aims to conduct a more detailed analysis on how 
overpressure was generated in the basin, using techniques not used previously 
in other studies. 
0 The overpressure system in any basin is one of a dynamic rather than a static 
nature. Excess pore pressures will attempt to reach pressure equilibrium over 
time. Therefore this study aims to understand how overpressure is maintained 
in the Delaware Basin, which is just as important as how it is generated. 
1.4 Methods 
This section will briefly describe the methods used in obtaining the results, 
which are presented in this thesis. More detail regarding the methods is given in the 
Introduction of the respective chapter. 
The burial history of the Delaware Basin is analysed in Chapter 4. The results 
were based on apatite fission track analysis, vitrinite reflectance analysis, and shale 
compaction curve analysis. Chapter 5 deals with wireline logs and how they can be 
used to predict pore pressure, and how the generation and maintenance of 
overpressure can also be analysed. The use of 1D and 2D modelling to assess the 
basin's pore pressure history through geological time is described in Chapter 6. 
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1.5 Layout of thesis 
The thesis has been divided into eight chapters, and aims to take the reader 
logically through an understanding of the basin initially, before three results 
chapters, and then the discussions and conclusions. 
" Chapter 2: Geological history. A review of the geological history of the 
Delaware Basin, and its surrounding area. 
" Chapter 3: Formation and development of overpressure in the Delaware 
Basin. Detailed analysis and a literature review of the pore pressure system in 
the Delaware Basin. 
" Chapter 4: Mesozoic and Cenozoic tectonic history of the Delaware 
Basin. A comprehensive review of the depositional and tectonic uplift history 
of the basin. 
" Chapter 5: Wireline analysis of pore pressure. The use of wireline logs in 
interpreting the pore pressure history of the Delaware Basin. 
" Chapter 6: Basin Modelling of the Delaware Basin. Using 1D and 2D 
basin models to analyse the pore poressure and petroleum system history of 
the basin. 
9 Chapter 7: Synthesis and discussions. Integrating the previous results with 
published work to answer fundamental questions regarding the pore pressure 
history of the Delaware Basin. 
9 Chapter 8: Conclusions. 
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2.1 Introduction 
This chapter will present an overview of the structural and stratigraphic 
history of the Delaware Basin, and the surrounding basins and highs, from the 
Precambrian (c. 1300 Ma) basement through to present day. The stratigraphic 
column (Fig 1.1) and the present day cross-section (Fig 1.2) will be useful aids to 
this chapter. 
The study area of this thesis is the Delaware Basin of southeastern New 
Mexico and West Texas. It is an irregular NNW-SSE trending inverted pear-shaped 
depression, about 250 km long and 180 km wide, covering an area of more than 
33,500 km2. It is filled to a maximum depth of 24,000 ft (7.3km) with Phanerozoic 
sedimentary rocks having an estimated volume of 170,000 km3, making the 
Delaware basin one of North America's deepest intercratonic basins with over 1 
billion years of rock record in the basin. 
The Delaware Basin is the major western subdivision of a larger framework 
of structural highs and lows in the southwestern part of the mid-continent craton of 
North America known as the Permian Basin (Fig 2.1). The Midland Basin, Val 
Verde Basin and the Central Basin Platform along with the Delaware Basin make up 
the Permian Basin. 
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Fig 2.1. Map of west Texas and New Mexico highlighting the Permian Basin and its 
separate entities. 
The Permian Basin's history as separate structural entities dates from the 
Pennsylvanian, but an ancestral basin, known as the Tobosa Basin (Galley 1958), 
existed between the Late Precambrian and the Pennsylvanian. The divisions of the 
Tobosa Basin into the separate basins was influenced by Proterozoic lines of 
weakness (Hills 1984). It was movement along these lines of weakness during the 
Pennsylvanian that culminated in the formation of the Delaware and other Permian 
basins and highs in the Early Permian. Deposition of sediments into the basin 
continued through the Palaeozoic and into the Mesozoic, with tectonic activity being 
experienced later on in the Cenozoic. This evolution of the Delaware Basin was 
subdivided by Hill (1996) into eight phases. 
104 102 100 
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" Precambrian phase (c. 1300-850 Ma). 
" Passive margin phase (c. 810-310 Ma). 
Chapter 2: Geological History 
" Collision phase - Division of the Tobosa Basin (c. 310-265 Ma). 
" Permian Basin phase - Subsidence of the Delaware Basin due to 
sedimentation (c. 265-230 Ma). 
" Stable platform phase (c. 230-80 Ma). 
" Laramide phase - Late Cretaceous to Eocene uplift (c. 80-40 Ma). 
" Volcanism phase (c. 40-30). 
" Basin and Range phase - Late Oligocene to present uplift (c. 30-0 Ma). 
Based on the above classification by Hill (1996), this study has sub-divided 
the basin's geological history into just four phases representing the major tectonic 
events of the basin, as shown by a published burial curve of the basin (Barker & 
Pawlewicz 1987) (Fig 2.2). 
" Tobosa Basin phase. 
o Initial basin subsidence in a passive margin setting from Late 
Precambrian to Late Mississippian (c. 810-310 Ma). 
" Permian Basin phase. 
o Division of the Tobosa Basin due to tectonic plate collision, and rapid 
basin subsidence from beginning of the Pennsylvanian through to the 
beginning of the Mesozoic (c. 265-230 Ma). 
" Stable platform phase. 
o Little subsidence or uplift from Triassic to Early Cretaceous (c. 230- 
80). 
" Cenozoic tectonic uplift phase (c. 80-0 Ma). 
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Pawlewicz (1987). Four phases of the basin's burial and tectonic history can be 
identified. (Adapted from Barker & Pawlewicz 1987). 
2.2 Geological History of the Delaware Basin 
2.2.1 Tobosa Basin phase 
2.2.1.1 Precambrian Basement 
The development of the Delaware Basin began during the Precambrian phase 
of tectonism (c. 1300-850 Ma). It was the Grenville orogeny (c. 1000 Ma) that caused 
high angle faulting of basement rock. This led to regional lineaments of weakness 
that were to be reactivated by later deformational events. 
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During the Proterozoic, the Delaware Basin was on the southwest edge of the 
North American craton. However little information exists on the Proterozoic history 
of the region. For example, from over 600 wells studied as part of this research, only 
3 were drilled to a depth where the granitic basement was hit. Despite a few wells 
actually penetrating the basement, the problem is that they only penetrated a few tens 
of feet. Flawn (1956) studied the cuttings from some wells that had been drilled in 
the basin at this time, and conclude that the majority of the Delaware Basin is 
underlain by granitic rocks of the North American craton. To the North of the 
Permian Basin, where metamorphic rocks are exposed in the peripheral basement 
highs, they indicate that the cratonic crystalline rocks had been intruded into 
Palaeozoic sediments. These metamorphic rocks have been dated in the peripheral 
highs in central New Mexico, where they correspond with the Grenville orogeny 
about I-1.3 Ga (Hill 1996). 
The Grenville orogeny (c. 1-1.3 Ga) was a widespread tectonic event that affected 
the supercontinent of Rodinia into which the North American craton was embedded 
during the Late Proterozoic. Plate convergence created crustal shortening and thrust 
faulting (e. g. the Carrizo Mountain Thrust, west of the study area). The orogeny 
appears to have had a NW-SE trend (Hills 1984). 
The late Precambrian (c. 850 Ma), was characterised by fragmentation and rifting 
that extended all the through the North American craton. Associated with this were a 
number of high angle NW-SE trending faults with right lateral displacement. The 
basement beneath the Permian Basin was affected by this tectonism, and a number of 
Precambrian faults have been mapped in the area (Fig 2.3) (Hills 1984). The map 
shows the configuration of the Precambrian basement, and the deepest section is seen 
to the west of the main Precambrian fault zone. The strong NW lineation of the 
Precambrian faults is prominent, especially the large fault zone that runs from the 
Frontal Zone to SE corner of New Mexico. This Precambrian fault zone lies almost 
exactly in the position of the Central Basin Platform that separates the Delaware 
Basin from the Midland Basin at present day. These lines of weakness were 
reactivated later to compartmentalise the Tobosa Basin. 
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Fig 2.3. Depth to basement of the Precambrian surface, and lines of weakness 
(Adapted from Hills 1984). 
2.2.1.2 Tobosa Basin Formation (810 - 310 Ma) 
2.2.1.2.1 Tectonic Overview 
By the end of the Precambrian, all activity along the fault zones had ceased 
and the region was welded onto the southwestern part of the North American craton, 
where passive margin conditions existed. Inland, rifting of a continental block during 
the Cambrian (Dickinson 1981) enabled the ancestral Permian Basin (Tobosa Basin) 
to form (Figs 2.4 & 2.5). Accommodation space was generated through this period 
by sagging and warping in an intracratonic setting. A shallow sea advanced over the 
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area of southeastern New Mexico and West Texas, enabling almost continuous 
deposition of thin platform sediments for 300 Myr in a `layer cake fashion' (Horak 
1985). This long period of passive sedimentation without any phases of tectonism is 
referred to as the "passive margin phase" by Horak (1985), the "sedimentation 
phase" by Hills (1985), and the "Permian Basin phase" by Hill (1996). 
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Location of the ancestral Tobosa Basin is shown in red (Frenzel et al 1988). 
Fig 2.5. Sketch of the Tobosa Basin and its bounding uplifted arches from the 
Ordovician to the Pennsylvanian (Hill 1996). 
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2.2.1.2.2 Sedimentation and Tectonism 
Cambrian to Ordovician 
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From the time of the Late Proterozoic intrusions and metamorphism, through 
to the Late Cambrian, the area was probably above sea level, because there is no 
record of Early and Middle Cambrian strata. The Late Cambrian saw the deposition 
of the Hickory Sandstone Member of the Riley Formation, which were deposits of a 
transgressive sea whose shoreline moved northwards. The amount of accumulation 
was dependent on the underlying eroded Precambrian surface, where thicknesses of 
up to 300 m are recorded near the Llano uplift in topographic depressions. Very 
limited Cambrian strata have been recorded in wells from the Delaware Basin. 
The Early Ordovician saw minor tectonism, where weak extension produced 
block faulting (Kyle 1990). The depositional style of the Early Ordovician strata was 
that of a transgressive character, with the Ellenburger Formation deposited under 
broad shelf sea conditions (Fig 2.6). The formation pinches out in southeastern New 
Mexico due to the Pedernal Massif topographic high. The thickest section of 
Ellenburger most likely indicates the position of the incipient Tobosa Basin, with the 
boundary of the Diablo Arch developing on the western edge (Fig 2.5). 
The Ellenburger Formation consists of light grey to grey, medium-grained 
crystalline, mostly siliceous dolomite. A slightly sandier dolomite is more common 
towards the top of the section (Hill 1996). The Ellenburger Formation was initially 
deposited in a restricted open shelf environment depositing over 500m of mud 
dominated carbonates, recording the initial transgression, and subsequent 
progradation and aggradation of the Ordovician sea. Within the mid-upper 
Ellenburger Formation, a diverse range of facies indicated a change to more tidal 
deposition. The sea regressed during the deposition of the Upper Ellenburger 
Formation, where dissolution and karstification of the exposed surface was common. 
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Fig 2.6. Isopach map of the Ellenburger Formation in the Early Ordovician. 
The Middle Ordovician saw the deposition of the Simpson Group, as an 
unconformable layer on top of the Ellenburger Formation. The restricted distribution 
of the Simpson Group (Fig 2.7) represents the fully developed area of the Tobosa 
Basin. Simpson Group strata filled the basin to a depth of more than 600 m as the 
basin continued to subside. The Simpson Group has been described (Hayes 1964) as 
a black shale interbedded with limestone, and coarse to fine grained sands. It 
contains abundant fossils such as ostracods, graptolites and trilobites. The Simpson 
Group contains the following Formations: Joins, Oil Creek, McLish, Tulip Creek, 
and Bromide. 
The Late Ordovician Montoya Formation overlies the Simpson Group. It 
consists of cherts and finely crystalline carbonates, both dolomitic and calcitic. At 
the depocentre of the Tobosa Basin the Montoya Group would have reached a 
thickness of around 150 m coincident with the depocentre of the Simpson Group. 
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Fig 2.7. Isopach map of the Simpson Group in the Tobosa Basin (adapted from 
Frenzel et al 1988). 
Silurian and Devonian 
During the early Silurian there was a relative rise in sea level and the 
carbonate sequence of the Fusselman Formation was laid down in a highstand 
systems tract. The Fusselman Formation is mainly dolomitic in the northern and 
western parts of the Tobosa Basin, and calcitic towards the southeast. Up to 300 m of 
massive white limestones were deposited unconformably over the Montoya 
Formation. This unconformity is a prominent lithological break, where the light grey, 
coarse to medium grained crystalline dolomites of the Fusselman contrast sharply to 
the underlying darker finer grained Montoya (Hill 1996). The top of the Fusselman is 
described as an irregular eroded surface, which has undergone karstification. The 
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widespread occurrence of this karstified surface suggests a platform-wide drop in sea 
level (Hill 1996). 
The unconformably overlying Wristen Formation of the Upper Silurian is a 
mud and shale rich rock dominated by dolomite. At present day, it is thickest in the 
northeastern part of the Delaware Basin, but thins northwards onto the Northwest 
Shelf, and eastwards onto the Central Basin Platform. Following on from the post 
Fusselman lowstand, a major transgression occurred during the Early Wristen time, 
which was followed by a significant sea level fall in the Late Wristen, and then 
another highstand. 
At the end of the Silurian and the into the Early Devonian during this late 
highstand, shelf carbonates were deposited at the shallower margins of the Tobosa 
Basin, while dense limestones, cherts and black shales accumulated in the deeper 
water. The Devonian Formation was one such carbonate to be deposited during the 
Early and Mid Devonian. Since the deposition of the Simpson Group, the basin has 
not changed much in its geometry. The only significant change in geometry is that 
the depocentre for the basin has shifted northwards through time (Fig 2.8). 
Since the onset of deposition of the Montoya Formation in the Late 
Ordovician through to and including the Devonian Formation in the Early Devonian, 
a sequence of carbonates was laid down. The carbonates were deposited without any 
major structural interference, and record a continuous period of carbonate 
sedimentation. 
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Fig 2.8. Isopach map of the Silurian and the Devonian in the Tobosa Basin (adapted 
from Frenzel et al 1988). 
Late Devonian and Early Mississippian 
In the Late Devonian there was a phase of uplift and the Tobosa Basin was 
tilted to the east, allowing up to 500 in of sediment to accumulate (Hills 1985). A 
western compressive stress at this time also produced a broad arching over most of 
New Mexico and northern Texas such as the Texas Arch that is seen today (Figs 2.4 
and 2.5). During this time, a transgressive sea flooded the basin that brought about a 
distinct change in the depositional environment of the basin as well as for the rest of 
the North American craton. The amount of carbonate deposition decreased as dark 
shales unconformably covered the earlier sediments. 
In the Tobosa Basin, the Late Devonian shale is known as the Woodford 
Formation. It is highly organic, which makes it a world class source rock, as well as 
being highly radioactive, which makes it a good marker bed on gamma ray logs. It is 
fine grained, dark brown to black, and rich in spores and microfossils such as 
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conodonts. Its thickness in the basin varies between 30 m and 200 m, with the 
thickest deposits being seen in Winkler County. 
The Woodford Formation's origin is an area of slight controversy. Conant 
and Swanson (1961) believe that the shale was deposited in shallow water of less 
than 10 m, under a slow transgressing sea environment. There was abundant algal 
mat growth with stagnant bottom conditions under anaerobic conditions. They also 
believe there is a lack of evidence to suggest any agitation of the water. Hill (1996) 
suggested that the Late Devonian sea was substantially deeper, around 350 m, where 
there was poor circulation and low oxygen levels in a restricted environment, a 
modern day example would be the Black Sea. 
The Early and Mid Mississippian sedimentation was much like that of the 
Early Ordovician, a transgressive sequence of clastics in the south of the Tobosa 
Basin grading into carbonates in the north, with thick carbonates eventually covering 
the whole of the basin. Deposition of the green-grey Kinderhook Formation was 
followed by thick southward thinning deposits of the Mississippian Limestone 
Formation. This Formation is a fine crystalline non porous calcitic limestone, 
ranging from being more argillaceous in some places to more siliceous and cherty in 
others. 
2.2.2 Permian Basin phase (310-255 Ma) 
2.2.2.1 Tectonic overview 
This was a significant phase in the evolution of the Delaware Basin when a 
major tectonic episode split the Tobosa Basin into separate tectonic highs and lows, 
giving rise to the Permian Basin that is seen today (Delaware Basin, Midland Basin, 
Central Basin Platform, and Val Verde Basin). As can be seen from the burial history 
curve of Barker and Pawlewicz (1987) (Fig 2.2), this was also a time of rapid basin 
subsidence, creation of accommodation space, and subsequent sediment deposition. 
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Up to a maximum of 5.5 km of sediment was deposited in the Delaware Basin during 
this phase. 
Before the major phase of tectonism, the Mississippian (360-320 Ma) was 
regarded as a transitional period between two very different tectonic styles in the 
evolution of the Permian Basin. From the Cambrian through to the Mid- 
Mississippian, the ancestral Permian Basin (Tobosa) was a stable part of the North 
American craton, where all tectonism was epeirogenic. However from the Late 
Mississippian, tectonism became more aggressive. Old fault lines and lines of 
weakness from the Precambrian were exploited to cause significant uplift and form 
depressions. A change in deposition also occurred with widespread masses of 
limestone being succeeded by dominantly shale, with later coarser grained and 
thicker clastic units. 
This major tectonic episode was a consequence of the collision of the 
continents of Laurasia and Gondwanaland to form the supercontinent of Pangaea at 
the start of the Pennsylvanian (c. 310 Ma) (Figs 2.9 & 2.10). This collision affected 
the central and eastern edge of the North American craton, creating a number of 
orogenies with thrust movement to the northwest. The Appalachian orogeny was 
responsible for the formation of the folded and faulted mountain belt that extends 
down from southern New York southward into Alabama. 
22 
Fig 2.9.310 Ma - Collision of Gondwana and Laurasia to form Pangaea (Dalziel 
2002). 
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Fig 2.10.310 Ma - Super continent of Pangaea, highlighting the state of Texas 
within the North American craton (Dalziel 2002). 
The Ouachita orogeny (Fig 2.11) was responsible for the thrust zone seen in 
the study area, which affected the Tobosa Basin. The consequence of the Ouachita 
orogeny was that the predominant stress (a) was orientated WNW-ESE due to the 
major compressive stress component exerted along the entire Ouachita thrust front. 
This stress was transmitted into the foreland and caused reactivation of Precambrian 
basement block faulting. This caused some blocks to uplift, such as the Central Basin 
Platform and the Pedernal Uplift, while others were downfaulted forming the 
Delaware Basin, Midland Basin and Val Verde Basin. The intermediate principal 
stress a2 was orientated vertically, due in part to the loading by the thick sedimentary 
cover. a3 was orientated horizontally in a NNE-SSW direction. This stress system 
resulted in the formation of predominantly strike slip faulting, where two types are 
recognised. Faults that are orientated NW have a sinistral displacement whereas 
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dextral displacement is seen on faults that trend to the NE-SW. Also the stress 
system caused folding, with the fold axis trending NE-SW. 
The continental collision was also a time of high heat flow in the Delaware 
Basin, and thermal doming of the lithosphere occurred during the Pennsylvanian (c. 
310-300 Ma), which caused anticlines to develop in the strata. Today these 
Pennsylvanian topographic features are essential structures for hydrocarbon 
exploration. 
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The Barnett shale is the result of tectonic movement at the onset of the 
Ouachita orogeny. It is a hard siliceous grey to dark grey shale, which is organic and 
very pyritic. The Barnett shale is an extensive deposit covering not only the whole of 
the Tobosa Basin but also the entire Texas Arch, where it lies unconformably over 
Ellenburger dolomites. 
Pennsylvanian 
The Pennsylvanian strata of the Permian Basin are extremely variable in 
distribution, thickness and lithology (Fig 2.12). The variability stems from the 
continuation of Late Mississippian Ouachita tectonism in the basin, which caused 
non-deposition and erosion on the structural highs. The influx of sediment into the 
separate basins would have come from the exposed and eroded uplifted areas, with 
deposition of mudstones, carbonates and sandstones. Because of the rapid and 
complex lateral and vertical facies changes, the Pennsylvanian rocks are not divided 
up into lithological units. Instead they have been divided into five formations based 
upon fusulinid occurrences. From the oldest they are the Morrow, Atoka, Strawn, 
Canyon and Cisco. 
In the Late Pennsylvanian, the Delaware Basin subsided rapidly due to 
increased compression of the Ouachita orogenic front. This is recorded in the Late 
Pennsylvanian strata of the Strawn Canyon Formation in the Glass Mountains, which 
borders the Delaware Basin on its southern margin where a major unconformity is 
seen. Conditions were stable for the rest of the Pennsylvanian with shelf edge sands 
and carbonates being deposited on the margins of the basin. 
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During the Permian, the Delaware Basin was located on the western edge of 
Pangea at about a latitude of 5-10° N. It was predominantly a time of tectonic 
stability with high rates of basin subsidence due to flexure. Enough accommodation 
space was generated for up to 4.8 km of Permian sediments to be deposited in the 
basin depocentre and 1.9 km on the shelf. The subsidence was at a rate that allowed 
the shelf of the basin to remain at shallow water depths all throughout, allowing 
carbonate banks to form. 
Adams (1939) was the first to divide up the Permian strata in the Delaware 
Basin into four series: the Wolfcampian, Leonardian, Guadalupian and Ochoan. The 
divisions were based on fossil content as well as lithology. The type section for the 
whole of the Permian is seen in the Glass Mountains, where a complete and 
continuous 1.9 km section of strata ranges from the base of the Wolfcampian through 
to the top of the Guadalupian. The fossil record here was used to set up the divisions 
of the Delaware Basin as well as other Permian stratigraphy in North America. 
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Fig 2.12. Palaeogeography of the Permian Basin in the Late Pennsylvanian (Wright 
1979). 
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In the Wolfcampian period, seas covered the whole of west Texas and New 
Mexico (Fig 2.13). The only structural highs that were exposed were the Pedernal 
Uplift to the NW, the Ouachita Orogen Front to the south and a small section of the 
Central Basin Platform. It was only in the Late Wolfcampian that the Central Basin 
Platform became sub-aerially exposed. The majority of sediment was eroded off the 
Ouachita Mountains and thick deposits accumulated in the southern part of the 
Delaware Basin. The Wolfcampian strata progressively thin from about 1.9 km of 
dark coloured shale and limestone in the south to about 300 m of carbonate reefs and 
limestone banks on the shelf margins to the north and west (Fig 2.14). Pockets of 
silts and coarse sands are also found in the deep basin. The only period of tectonic 
activity in the Permian was during the Mid Wolfcampian times (c. 290 Ma). This is 
represented in the section by a major unconformity, which is seen in the Glass 
Mountains at present day, and corresponds to a time of major folding and thrust 
faulting in the basin. After this Mid Wolfcampian tectonic activity, the basin was 
tectonically quiet and nowhere in the Permian Basin do the faults or folds in the 
older strata propagate through into the later younger Permian strata. 
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Fig 2.14. Log of the Wolfcampian Series through the Delaware Basin from north to 
south 
During the Leonardian, the Delaware Basin continued to subside, although 
not as rapidly as in the Wolfcampian because shelf to basin depositional relief had 
decreased. The basin remained as a deep marine environment with the Upper 
Wolfcampian Series grading conformably into the Lower Leonardian Series. The 
Leonardian Series consists of the Bone Spring Formation, a dark grey deep marine 
shale, which grades upwards into interbedded shales with quartzose sands and black 
limestones. In the basin, the Bone Spring Formation varies in thickness of between 
700 m and 1000 m and is typified by alternating cycles of clastic and carbonate beds 
in both large scale and small scale cycles (Sarg 1991). The three large-scale cycles 
are referred to as the 1st, 2nd and 3rd Bone Spring sands, which are separated by three 
carbonate sequences. According to Friedman et al (1986), the sands were deposited 
during times of low sea level as debris flows or turbidites. The black limestones are 
bituminous rich, and suggest that at the bottom of the Bone Spring Sea, during 
deposition, there was little circulation and a lack of oxygen, making the Bone Spring 
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limestones characteristic of a deep euxinic basinal origin. Because of this, the Bone 
Spring is an important source rock in the area. 
Along the shelf margins of the basin, banks of carbonate sand or patch reefs were 
developing, and it was during the Leonardian that the general sequence of backreef- 
reef basin facies were being established in the Delaware Basin. Fossils can be found 
on the shelf, including gastropods, brachiopods, trilobites, sponges and conodonts. 
The conodont `Neogondolella idahoensis' is found in the Upper Bone Spring 
Formation, and has been used as a chronological marker (Behnken 1975). 
During the Guadalupian, a thick unit of siliciclastics was deposited 
conformably over the Bone Spring Formation. Over the 9 Myr of deposition, the 
basin continued to subside; however, its aerial extent was continually decreasing. 
The Series comprises the Brushy Canyon, Cherry Canyon and Bell Canyon 
formations in ascending order. Previously, the Bone Spring Formation had been 
deposited across the whole of the Permian Basin; however, beginning in the Early 
Guadalupian with the Brushy Canyon Formation, deposition was restricted to the 
Delaware Basin. 
The Guadalupian Series reaches a maximum thickness of nearly 1500 m in 
the centre of the Delaware Basin. The Group is nicely exposed on the western edge 
of the Delaware Basin near the Guadalupe Mountains (Fig 2.15), which the 
Guadalupian Series is named after. These mountains are where one of the most 
extensive outcrops of Guadalupian aged rocks in the world can be found. They are 
predominantly made up of light grey fine grained sandstones and siltstones 
interbedded with shales, with reef complexes forming on the edge of the basin. The 
environment was a time when the Permian Sea had regressed to the limits of the 
Delaware Basin, enabling the large reef complexes to build on the shelf edges. The 
siliciclastics of the Guadalupian Series are interpreted to have originated from a 
sedimentary source from the Pedernal Uplift to the northwest, and were transported 
into the Delaware Basin by fluvial and aeolian mechanisms to a back reef 
environment; then turbidite and density currents transported the sands via erosional 
channels into the deep marine environment of the Delaware Basin (Cromwell 1984). 
The sands of the Guadalupian Series make very good reservoirs for exploration, with 
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most oil production coming from stratigraphic traps in the Bell Canyon Formation 
sand. 
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Fig 2.15. Outcrop of the Brushy Canyon Formation Sand on the western edge of the 
Delaware Basin 
The Ochoan Series deposited in the Late Permian represents a significant 
change in the Delaware Basin. After the deposition of back reef and basinal deposits 
in the Guadalupian Series, the basin became characterised by thick deposits of 
evaporites and thin red beds. This signified the final stages of the Permian Sea, with 
the closing of the Delaware Basin to marine waters and the start of a continental 
regime. During the Ochoan age, the West Texas and New Mexico area was an 
interior continental desert within Pangea. The Delaware Basin lay at a latitude of 15° 
N, and had an inlet along the western edge of the supercontinent to allow deposition 
of evaporites over 500,000-600,000 years. The deposition of evaporites in the Late 
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Permian was a worldwide occurrence in other basins, and signified the end of some 
invertebrates (Late Permian extinction). 
The Ochoan Series consists of the Castille, Salado, Rustler and the Dewey 
Lake Formation. They had a combined thickness of over 1 km, and extended across 
the whole of the Delaware Basin, the Midland Basin and the Central Basin Platform, 
with the exception that the Castille Formation is seen only in the Delaware Basin. 
The extent of the Ochoan Series today is limited due to Tertiary erosion and uplift, 
where they are absent on the western edge of the Delaware Basin. The Castille 
Formation is predominantly composed of anhydrite, and sections of the Castille 
appear to have a cyclic nature with muddy laminations interbedded with the 
anhydrite, indicating annual varves (fig 2.16). The Salado is composed of halite, the 
Rustler of dolomite, and the Dewey Lake is a continental red bed. 
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2.2.3. Stable Platform phase (c. 230-80 Ma) 
At the boundary between the Permian and Triassic (c. 250 Ma), a distinct change 
was seen in the Permian Basin area. After being a marine basin for 300 Myr, the area 
had a positive relief during the Mesozoic, due to worldwide dramatic shifts in 
tectonics and sedimentation. Key elements of this global change were 
9 The final assemblage of Pangea before its break up into separate plates. 
A major marine regression, where marine basins changed into evaporitic 
basins (Ochoan Series), followed by continental environment. 
A major extinction event at the Permian Triassic boundary, when about 90% 
of all Late Permian invertebrate marine species and 70% of terrestrial 
vertebrate species died out. 
In the Delaware Basin this shift was represented by uplift and replacement of 
marine conditions with deltaic, lacustrine and fluvial systems. The Delaware Basin 
was also tilted to the east, as seen by the angular unconformity between the overlying 
Mid-Late Triassic Chinile Group and the underlying the Dewey Lake Red Beds. The 
Mesozoic period is as shown in the burial history plot (Fig 2.2), where little 
deposition or subsidence occurred, and this phase is often referred to as the `stable 
platform phase, (Hill 1996). 
Mesozoic sedimentation did not begin in the Delaware Basin until the Mid- 
Late Triassic with the deposition of the Triassic Chinile Group. Erosion and 
dissolution predominated in the Early and Mid Triassic with up to 120 m of Late 
Permian sediment removed, before the fluvial and terrestrial deposits of the Chinile 
Group were laid down. These deposits are red coloured, heterogenous, poorly sorted 
conglomerates and coarse sands (Santa Rosa Formation), and floodplain mudstones 
(Dockum formation). 
There was no deposition of Jurassic sediment in the Delaware Basin, as the 
Permian Basin continued to be emergent with extensive erosion and dissolution. An 
angular unconformity exists between underlying Triassic sediments and the 
overlying Cretaceous. The nearest exposures of Jurassic rocks to the Delaware Basin 
are found in northwest Texas at Malone Mountain. It is inferred that the Jurassic Sea 
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that deposited these sediments never reached as far east as the Delaware area. 
Despite little to no deposition, the Jurassic was a time of important plate tectonic 
movement. The opening of the Gulf of Mexico and the Tethys seaway (c. 170 Ma) 
caused the northward drift of the North American craton from its equatorial Permian 
latitude. Evidence of Jurassic tectonism was seen on the North American craton, in 
northeastern Mexico, where a series of northwest trending highs and basins formed. 
Their formation is not fully understood, but could have resulted from strike slip 
faulting or extension associated with the opening of the Gulf of Mexico. 
In the Early-Mid Cretaceous, the Comanchean epoch, weak subsidence of the 
area allowed the North American craton to be connected with the Gulf of Mexico 
seaway, and a shallow epicontinental sea transgressed across the area. The Diablo 
Platform and the Marathon Uplift were topographic highs at this time, and supplied 
sediment to the Delaware Basin. The full transgression of the Comanchean Sea 
reached to the far north of the Delaware Basin in the Mid-Late Cretaceous, although 
there were a number of minor transgressions and regressions (Richey 1985). Up to 
500m of Cretaceous sediment is present in the southern counties of the Delaware 
Basin. Other Cretaceous sediment is limited to the mountains that border the basin. 
Sedimentation in the Comanchean consists of basal conglomerates, sandstones and 
limestones. 
2.2.4 Cenozoic tectonic uplift phase (80-0 Ma) 
Following on from the long period of quiescence in the Mesozoic, the stable 
platform phase was terminated by uplift and tilting by two separate events: The 
Laramide event during the Late Cretaceous and Early Tertiary, and the Basin and 
Range event from Late Oligocene to present. 
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2.2.4.1 Laramide progeny (80 -40 Ma) 
The Laramide orogeny was a consequence of the convergence of the Farallon 
and North American plates. This convergence produced low angle subduction and 
ENE-WSW compressive stresses, which forced the uplift of the whole Rocky 
Mountain region from New Mexico to Wyoming (Dickinson 1981). There are 
variable opinions (Hills 1984, Horak 1985, Barker and Pawlewicz 1987, and Hill 
1996) as to the impact that the Laramide Orogeny may have had on the basin. Horak 
(1985) suggested that the basin may have been uplifted by up to 1.5 km, while others 
(Hills 1984, and Barker & Pawlewicz 1987) have suggested that the tilting of the 
basin is a consequence of the Laramide orogenic event. 
The influence of the Laramide orogenic event on the Delaware basin is dealt 
with in more detail in chapter 4, which describes the use apatite fission track analysis 
in determing the uplift history of the basin. 
2.2.4.2 Basin and Range uplift 30-0 Ma 
The Basin and Range phase (30-0 Ma) is described as being a period of time 
characterised by regional crustal extension and thinning, high heat flow, rifting, low 
gravity values and low compressional velocities in the Upper Mantle (Horak 1985). 
Uplift during this time was a consequence of the thermal doming associated with the 
thinning of the lithosphere due to the extension (Hill 1996). The transition from a 
Laramide compressional phase to a Basin and Range extensional phase was complete 
by the Late Oligocene. 
With Basin and Range lithosphere thinning, extension and normal faulting 
came a regime of higher heat flow in the Delaware Basin, where geothermal 
gradients are suggested to have reached up to 50°C/km (Barker & Pawlewicz 1987). 
Schneider and Hinojasa (1991) suggest an explanation for the high heat flows. 
Where the upper mantle and lower crust in the Basin and Range Rio Grande rift area, 
contains a thermal anomaly, which has both deep and shallow components. The deep 
anomaly produced the bulk of the isostatic uplift for the Basin and Range, but made 
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little contribution to the surface heat flow. The shallow anomaly was responsible for 
elevated heat flow but contributed little to uplift. The deeper anomaly was also 
responsible for the volcanism that is seen in the basin. 
As with the Laramide orogeny, the effect that the Basin and Range event had 
on the Delaware Basin is not quantified in the literature. This study, however, uses 
apatite fission track analysis to quantify the uplift on the basin (chapter 4). 
2.2.4.3 Cenozoic deposition 
Deposition of Cenozoic sediment in the Delaware Basin was limited 
according to Hills (1984), and Hill (1996). By the Late Cretaceous, the Comanchean 
sea was withdrawing from the area in response to the Laramide Uplift which affected 
the whole of North America. The Laramide continued through to the Palaeocene, and 
by the Eocene, Laramide tectonism had ended and a period of quiescence prevailed 
on the North American craton. There is no rock record for the Palaeocene or the 
Eocene in the Delaware Basin. 
The Late Eocene saw a change in the tectonics of the area, from a time of 
quiescence to a time of continental arc volcanism. By the Mid Oligocene, magmas 
were emplaced in the high crustal levels and within the space of 8 Myr, magmas 
vented to the surface forming the volcanic field of the southern Delaware Basin. A 
series of northward migrating intrusions were then emplaced, with the youngest 
intrusion (c. 30 Ma) in the northwest of the basin. 
During the Miocene, the Basin and Range event uplifted the western edge of 
the Delaware Basin, exposing the underlying strata. The Gatuna Formation is seen 
along the drainage system of the Pecos river, and its deposition continued through to 
the Pleistocene. It is composed of poorly consolidated orange / red siltstone and 
sandstone. 
The Pleistocene was a time of glacials and intraglacials, with alluvial deposits 
forming in the topographic lows of the basin. Further alluvium of Holocene age is 
located along the drainage system of the Pecos River. 
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3.1 Introduction 
Pressure is the force per unit area acting on a surface. In porous sediments, 
every point within any sedimentary basin has a pore pressure associated with it, and 
its pressure can be classified as being hydrostatic, overpressured or underpressured 
(Fig 3.1). 
If the pore pressure at a specific depth falls on the hydrostatic curve, then the 
rock is classed as being hydrostatically or normally pressured. If the measured pore 
pressure lies between the hydrostatic curve and the lithostatic curve, then the rock is 
classed as being overpressured. Underpressuring occurs where the pore pressure is 
less than the hydrostatic. 
t 
ý. 
C. + 
Fig 3.1. A pore pressure with depth curve highlighting the three classifications of 
pore pressure. 
Section 3.2 introduces the pore pressure system and the terminologies used, 
and explains the mechanisms for generating abnormal pressures. A description of the 
pore pressure distribution in the Delaware Basin is given in section 3.3. Section 3.4 
is a review of published literature on overpressure in the Delaware Basin and other 
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Palaeozoic basins in the US, and integrates this information with the overpressure 
distribution in the Delaware Basin described in the preceding section. 
3.2 Introduction to the pore pressure system 
3.2.1 Hydrostatic pressure 
The definition of hydrostatic pressure is a "pressure exerted by the weight of 
a static column of fluid". Therefore, in a normally pressured reservoir the fluid 
within the pores is equivalent to the overlying water column extended vertically to 
the surface. The hydrostatic pressure is a function of the density of the pore fluid and 
depth. It can be expressed by the equation: 
P=p. g. h (3.1) 
where: 
P= hydrostatic pressure, 
p= fluid density, 
g= acceleration due to gravity, and 
h= vertical height of the fluid column measured from datum. 
The reference datum for the hydrostatic curve is sea level, where atmospheric 
pressure is at 1 Atm, or 14.7 psia (pounds per square inch absolute). The hydrostatic 
pressure increases with depth at a rate dependent on the density of the pore fluid. If 
the pore fluid is fresh water (1.00 g/cc), then the hydrostatic pressure increases by 
0.433 psi/ft. This is also known as the pressure gradient. If the formation fluid is 
brackish, with a NaCl content of 20,300 ppm, then the hydrostatic pressure gradient 
is 0.4338 psi/ft. Typically, in a basin where salt is not part of the sedimentary 
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succession, a pressure gradient of 0.45 psi/ft is sufficient to use in a pore pressure 
study. 
3.2.2 Lithostatic pressure 
The lithostatic pressure is caused by the weight of the overlying rock, 
including the fluids in the pores. It is also known as the overburden stress (Sv). The 
lithostatic pressure is dependent on depth and the density of the overburden. It can be 
expressed by the following equation: 
S= pb. D (3.2) 
where: 
S= lithostatic pressure, 
Pb = bulk density, and 
D= vertical depth. 
The bulk density is a function of the rock matrix, fluid density and the porosity: 
pb = pm (1-(D) + pf (b) (3.3) 
where: 
pm = density of the rock matrix, 
pf = density of the pore fluid, and 
(D = porosity. 
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Because sedimentary basins contain a mixture of lithologies that have 
undergone various degrees of compaction, an average bulk density of 2.31 g/cm3 is 
commonly used for a thick sedimentary section. In the majority of sedimentary 
basins, the overburden typically increases at 1.0 psi/ft below 2 km. At shallow levels, 
the lithostatic pressure increases more slowly due to higher porosity of the 
sediments. 
3.2.3 Effective stress 
Effective stress is the grain-to-grain contact stress. At any given depth, some 
of the overburden stress (lithostatic pressure) is supported by the pore pressure, and 
the rest by the contact between the rock particles (effective stress). The relationship 
between effective stress and overburden stress is given by Terzaghi's equation: 
ß= Sv -p (3.4) 
where: 
ß= effective stress, 
Sv = overburden stress, and 
p= pore pressure. 
In a basin where the sediments are normally compacted for their depth of 
burial, the effective stress is likely to be the difference between the lithostatic 
pressure and the hydrostatic pressure. As effective stress increases, the grain-to-grain 
contact stress increases and the sediment compacts forcing out fluid. However, in an 
overpressured section the grain-to-grain contact stress is reduced, and so the 
overburden is supported less by the matrix of the rock than it would be if the pore 
pressure were hydrostatic (Fig 3.2). 
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Pore Pressure 
Sv=Pp+ 6v 
Overburden Pore Effective 
Pressure Stress 
s Effective Stress 
Pp 6v 
Hydrostatic Overburden 
Sv 
Fig 3.2. Diagram showing the relationship between depth and effective stress based 
on Terzaghi's equation (equation 3.4). 
3.2.4 Formation pressure measurement 
Formation pressures can be measured directly during drilling using wireline 
pressure tools, such as the RFT (repeat formation tester), or by a DST (drill stem 
test). The formation pressure can only be measured using these tools in permeable 
formations, and not impermeable layers such as muds, silts, shales, marls and chalk. 
A permeable layer is needed because the measurements require a flow of pore fluids 
from the formation. 
It is often assumed that mudrocks in the section have pore pressures equal or 
similar to the reservoir section directly above or below the mudrock interval. In a 
clastic dominated basin, where mudrock intervals are sparse thin beds within thick 
coarse clastic units, measuring the pore pressures exclusively in the coarse clastic 
horizons would give an accurate reading of the basin's pressure profile. However, in 
a mudstone dominated basin, formation pressure readings in reservoir beds will not 
always accurately represent the pore pressure of a thick mudstone sequence and so 
caution needs to be applied. 
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Other methods of determining the formation pressures include inferring pore 
pressure from the mud weight that was used during drilling. Also pore pressure 
prediction methods which utilise the porosity logs (sonic, density, neutron or 
resistivity) from wireline data, can be used. The use of wireline logs for this purpose 
is explained in chapter 5. 
3.2.5 Overpressure 
As mentioned at the start of the chapter, a reservoir is overpressured if its 
pore pressure exceeds the hydrostatic pressure of a static column of water, or 
formation brine (Dickinson 1953). 
Overpressured sequences in sedimentary basins are not uncommon. Hunt (1990) 
identified 180 basins worldwide where overpressured sections have been found. 
Overpressure is especially common in `young' Tertiary basins, where there is a high 
sediment influx into the basin, such as the Gulf of Mexico. However, overpressured 
basins are seen throughout the whole of the Phanerozoic. The concept of 
overpressure has been known for over 50 years: Dickinson (1953) identified 
overpressure based on data from the Gulf of Mexico. He suggested that the high pore 
pressures seen in the clastic sequences were due to the inability of the sediments to 
dewater fully and reach equilibrium. Dickinson's (1953) concept of overpressure is 
still valid, but with more emphasis being placed on the question `why can't the pore 
fluids de-water? ' Swarbrick (2003) came up with a more complete definition: 
"Overpressure results from the inability of pore fluids to escape at a rate which 
allows equilibration with a column of static water connected to the surface. " 
This definition takes into account that overpressure in sedimentary basins is more 
dynamic than static, and therefore the pore pressure that is measured, either directly 
or indirectly, is a function of both the generating mechanism and the dewatering 
through the formation where the primary control is permeability. 
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3.2.5.1 Generating mechanisms of overpressure 
The question that needs to be answered is: how is overpressured generated? 
Several mechanisms have been suggested (Table 3.1) as being main causes, or 
significant causes of overpressure in basins throughout the world. 
Various authors have grouped overpressure generation mechanisms into 
differing categories. Slavin & Smirnova (1998) grouped the mechanisms into 
synsedimentary processes and post-sedimentary processes. This compares to Lee and 
Demming (2002), who referred to two processes being responsible for overpressure 
generation, `static' and a `dynamic' process. By static, they meant that overpressure 
was generated as a result of the presence of pressure seals or barriers, where in the 
dynamic process overpressure resulted from the imbalance between pressure 
generation and pressure dissipation. In this scenario, the presence of a perfect seal is 
not needed. Hall (1993) attributed either internal or external processes to be the cause 
of overpressure. 
For the rest of this sub-chapter, the categories suggested by Swarbrick & 
Osborne (1998) will be used to explain the different mechanisms. Three categories 
into which the mechanisms can be grouped were suggested, based on the processes 
that create them. 
1. Stress related mechanisms 
" Disequilibrium compaction 
" Tectonic stress 
2. Fluid volume increase as a mechanism 
" Temperature increase 
" Water release due to mineral transformation 
" Hydrocarbon generation 
" Cracking of oil to gas 
" Gas expansion with uplift 
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3. Fluid movement and buoyancy mechanisms 
" Hydraulic head 
" Osmosis 
" Buoyancy due to density contrasts 
0 Lateral transfer 
Author Study Area Notes 
Disequilibrium Compaction 
Dickinson (1953) Gulf Coast Louisiana Disequilibrium compaction 
Bredehoeft and 
Hanshaw (1968) 
Gulf Coast Disequilibrium compaction 
Burrus, Schneider & 
Wolf (1994) 
North Sea, Norway, Gulf 
Coast, 7 Mahakam Delta 
Disequilibrium compaction 
Yardley (1998) Central Graben, North 
Sea 
Disequilibrium compaction 
due to rapid Late Tertiary 
burial 
Harold, Swarbrick & 
Goulty (1999) 
Southeast Asia Disequilibrium 
Compaction 
Swarbrick et al (2000) Judy Field, Central North 
Sea 
Disequilibrium compaction 
Luo et al (2003) Yinggehai Basin, South 
China Sea 
Disequilibrium compaction 
Tectonic Lateral Stress 
Yassir & (Bell 1996) Beaufort-Mackenzie 
Basin Canada 
Lateral tectonic 
compression 
Henning et al (1998) Papua New Guinea Tectonic Compression 
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Hydrocarbon Generation 
Meissner (1978) Williston Basin, Montana Kerogen transformation to 
USA oil and gas. 
A 25% increase with oil 
generation, and a 100% 
volume increase during dry 
gas production 
Spencer (1987) Williston Basin, Rocky Hydrocarbon generation 
Mountains, US 
Ungerer (1993) Paris Basin, France 50% volume increase - but 
only at a late stage of 
maturation (Ro 2.0%) 
Hunt et al (1994) Gulf of Mexico Oil to gas cracking - 
Strong coincidence 
between top of 
overpressure and peak gas 
generation 
Burrus et al (1993) Williston Basin, US Overpressure seen within 
reservoirs of the mature 
Bakken shale source rock 
Lee and Demming Anadarko Basin, Gas generation 
(2000) Oklahoma, US 
Wilson et al (1998) Piceance Basin, Gas generation 
Colorado, US 
Clay Diagenesis 
Bruce (1984) Gulf of Mexico Smectite to Illite 
Lahann (2002) Gulf Coast U. S Smectite to Illite 
Combination of Mechanisms 
Luo et al (1994) Delaware Basin, - Disequilibrium 
West Texas, US compaction 
- Hydrocarbon generation 
- Clay dehydration 
- Aquathermal expansion 
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Lee & Williams (2000) Delaware Baisn - Disequilibrium 
West Texas, US compaction 
- Hydrocarbon generation 
Williamson (1995) Sable Basin, offshore - Disequilibrium 
Nova Scotia compaction 
- Gas generation 
Table 4.1. Examples of overpressured basins around the world, indicating the 
mechanism for generation. 
3.2.5.1.1 Stress-Related Mechanisms 
When the rate of sediment supply to a basin is low, then the underlying 
sediments will be able to dewater and compact and hydrostatic pressure equilibrium 
will be reached. However if the rate of sediment supply increases, the underlying 
sediments cannot dewater fast enough, so compaction is halted and pore space is 
preserved with the sediments being overpressured. This process is known as 
disequilibrium compaction. Young Tertiary deltaic basins on continental margins are 
typical basinal environments where disequilibrium compaction is the cause of 
overpressure, due to the rapid rate of sediment input and distal low permeable muds / 
silts overlying the sequence. 
The main controls on overpressure by disequilibrium compaction are 
sediment input rate, permeability, temperature and the compaction coefficient. These 
four variables determine the depth at which disequilibrium compaction commences. 
For example, taking the sedimentation rate as a constant parameter, overpressure is 
generated at a shallower depth in a basin if the sediment has a lower permeability 
and / or a more compressible sedimentary sequence. The depth at which pore 
pressure becomes greater than the hydrostatic is known as the fluid retention depth 
(FRD). 
As mentioned previously, disequilibrium compaction is common in Tertiary 
basins with high sedimentation rates (e. g. Gulf of Mexico). Authors often dismiss 
disequilibrium compaction as a mechanism of overpressure generation for old 
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Palaeozoic basins, as any overpressure generated through burial might be expected to 
dewater back to hydrostatic over tens to hundreds of millions of years. However, the 
definition of overpressure by Swarbrick (2003), used at the start of chapter (section 
3.2.5), suggests that the overpressure system is dynamic and depends on the rate at 
which fluids can reach equilibrium. Therefore disequilibrium compaction can still be 
a mechanism for overpressure generation in Palaeozoic basins if the permeability is 
low enough to maintain the overpressure. The question of whether disequilibrium 
compaction is responsible for the overpressure seen in the Palaeozoic Delaware 
Basin, is dealt with throughout this thesis in the results and discussion chapters. 
The other stress related mechanism is tectonic compression. Where thrusting 
and folding in a basin will apply lateral stresses on the rock unit, as well as the 
vertical stress resulting from the burial. Examples of where overpressure is found in 
a compressional regime include the Barbados accretionary prism (Fisher & Zwart 
1996), and Papua New Guinea (Henning et al 1998). 
3.2.5.1.2 Fluid volume increase as a mechanism 
Overpressure can also be created by an increase in the pore fluid volume, 
which can occur where there is: a) temperature increase (aquathermal expansion), b) 
mineral transformation, c) hydrocarbon generation and d) oil to gas cracking. The 
term `unloading mechanisms' is often used to describe mechanisms by fluid volume 
increase (Bowers 2002). 
Overpressure generated by fluid volume increase, will tend to occur in low 
permeability rocks, where an increase in the pore fluid volume does not increase 
porosity, but will decrease the effective stress. The rate of volume change is the 
controlling factor on the magnitude of overpressure generated. 
a) Temperature Increase 
An increase in temperature increases the volume occupied by a fixed mass of 
fluid due to thermal expansion, as water expands when heated above 4°C. However, 
Osborne & Swarbrick (1997) concluded that the amount of volume expansion due to 
47 
Tom Sinclair Chapter 3: Pore Pressure in the Delaware Basin. 
aquathermal processes is quite small, with a volume increase of 1.65% for a 40°C 
rise in temperature at constant pressure. To calculate the rate of expansion, the burial 
rate and the geothermal gradient are needed. Even with a high burial rate of 2000 
m/Myr and a high geothermal gradient of 40 °C/km, Osborne & Swarbrick (1997) 
calculated that the rate of expansion is no more than 3.30 vol%/Myr. 
b) Mineral Transformation 
Some mineral transformations generate a volume increase due to water being 
expelled during a reaction. Common reactions include smectite dehydration and 
smectite - illite transformation. 
When smectite dehydrates, there are three phases of dewatering, with each 
one causing a 1.3 % increase in volume (Osborne & Swarbrick 1997). The first two 
pulses occur at shallow depths, and due to high permeability at shallow depths, the 
increase in volume has little effect on pore pressure (Osborne & Swarbrick 1997). 
The last pulse happens around 3-5 km, and even with sediment composed entirely of 
smectite the amount of excess pressure generated would only have a magnitude of 
100 psi (0.68 MPa). Therefore smectite dehydration is insignificant for generating 
the large overpressures that are recorded in basins, and would only be a secondary 
cause of overpressure generation. 
The other mineral transformation is smectite to illite transformation, which 
tends to occur within the temperature range 70-150 T. The maximum rate of volume 
change seen assuming 100% smectite is 0.2 vol%/Myr, producing no more than 112 
psi (0.7 MPa) of overpressure (Swarbrick et a! 2002). This is therefore an 
insignificant increase. However, in several mud-dominated basins, there is a general 
coincidence that at the stratigraphic horizon where overpressure is being recorded, 
smectite-illite transformation is also occurring. 
c) Hydrocarbon Generation 
Volume changes occur when kerogen transforms to oil and gas, with 
maturation typically occurring at depths of around of 2-4 km, and at temperatures in 
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the range of 70-120 T. Meissner (1978) studied the Bakken shale type II source rock 
in the Williston Basin, Montana and North Dakota USA. He found there was a 
volume increase of 25 % due to oil generation, with a further increase when 
maturation proceeds to wet gas and later to dry gas (Figure 3.3). In contrast, Ungerer 
et al (1983) looked at volume increase during the maturation of kerogen, and found 
that a small decrease in volume is seen from kerogen maturation up to a vitrinite 
reflectance (Ro) of 1.3 %. However there was a volume increase of 50% during late 
maturation at Ro 2.0 %. Swarbrick et al (2002) concluded that volume change during 
oil generation is negligible, but that during gas generation there is a significant 
increase in volume, as shown by Meissner (1978) and Ungerer (1983). 
a) After Meissner 1978 
Wet Gas Dry 
& Gas 
Condensate - 
Oil Volume 
Increase 
ICJ--- 
b) After L ngerer 1983 
Volume Decrease 
Volume 
-Increase 
O. 50% 0.65% 0.9%6 l. 3%ý 2. O% 
Vitrinite Reflectance 
Volume of solids Q Volume of liquid & 
- kerogen gaseous hydrocarbons 
Fig 3.3 Diagram showing the estimation of volume change when Type II kerogen in 
the Bakken shale Williston Baisn matures to produce oil, then wet gas and 
condensate, and finally dry gas (Taken from Meissner 1978). 
d) Oil to Gas Cracking 
At temperatures around 120-140 °C, thermal cracking of hydrocarbons is 
initiated, with almost complete cracking to gas at around 180 °C (MacKenzie & 
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Quigley 1988). At standard temperatures and pressures, 1 volume of standard crude 
oil will crack to 534.3 volumes of gas (Barker 1990); therefore oil to gas cracking 
has the potential to produce a large pore volume increase in the source rock. Several 
basins have overpressured intervals in the deep parts of the basin, coinciding with 
depths where gas is cracking. For example, Hunt et al (1994) observed a strong 
coincidence between peak gas generation and the top of the overpressured zone in 
the Gulf of Mexico. 
e) Gas expansion with uplift 
When gas rises and decreases in temperature, the volume of the gas increases. 
If the gas is in a well sealed unit, then it is unable to expand because of the 
incompressibility of the surrounding fluid and consequently the pressure of the gas 
will increase (Swarbrick & Osborne 1998). The potential for this mechanism to 
create overpressure in an uplifted basin has not been fully evaluated in the literature 
and will depend upon the permeability, temperature and the compressibility of the 
fluids. 
3.2.5.1.3 Fluid Movement & Buoyancy 
a) Hydraulic Head 
Overpressure can result from a hydraulic head in highland areas, where the 
water table is elevated. In order for this to occur, a seal is needed above the reservoir 
or aquifer. The magnitude of excess pressure generated by this process would only 
be negligible (Swarbrick et al 2002). 
b) Osmosis 
Large salinity contrasts in formation waters can induce a transfer of fluids 
that can induce overpressuring. Swarbrick & Osborne (1998) looked at osmotic 
pressure created in a typical North Sea shale, and even with a salinity contrast as 
high as 35 wt% NaCl, the amount of excess pressure would only amount to 435 psi 
(3 MPa). Therefore osmosis is not a significant overpressuring mechanism, and 
would be of more importance on a local scale. 
50 
Tom Sinclair Chapter 3: Pore Pressure in the Delaware Basin. 
c) Hydrocarbon Buoyancy 
In a reservoir, where oil, gas and formation waters co-exist, the oil will lie on 
top of the formation water, and the gas on top of the oil, due their relative densities. 
A pressure differentiation will therefore exist in the column due to this density 
difference. The formation water at the base of the hydrocarbon column will be 
hydrostatically pressured. The overlying oil will have a lower density than the 
formation water below and so will have a lower pressure gradient. This will cause 
pore pressures to be greater than the hydrostatic at any depth in the oil column (Fig 
3.4). The magnitude of overpressure is increased further once in the gas column. In 
order for this mechanism to work, a large hydrocarbon column height is needed, and 
even then, the excess pressure generated is negligible (Swarbrick et al 2002). For 
example in the North Sea the maximum overpressure generated by buoyancy is about 
600psi (4.13 MPa) (Swarbrick & Osborne 1998). 
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Fig 3.4. Figure showing hydrocarbon buoyancy due to the lower densities of light 
medium oils and gases relative to water will lead to overpressure (Taken from 
Swarbrick & Osborne 1998). 
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d) Lateral transfer 
The lateral transfer of fluids from deep overpressured parts of the basin along 
laterally extensive inclined aquifers will enhance overpressure on the structural high 
(Yardley & Swarbrick 2000). Pressure differences up to 3000 psi have been recorded 
in the South Caspian Sea, believed to be a consequence of lateral transfer (Swarbrick 
2003). High permeability reservoir units will be the most effective rocks in 
redistributing excess pore pressure. 
3.2.5.2 Summary of overpressure generating mechanisms 
In conclusion, the main overpressuring mechanisms that could generate a 
large magnitude of excess pore pressure are disequilibrium compaction and gas 
generation from source rock maturation or from oil to gas cracking. The other 
mechanisms are more likely to be additional contributors to the overpressure system. 
Table 3.1 showed that gas generation has been suggested as a major 
mechanism for generating overpressures in basins throughout the United States, and 
especially in Palaeozoic Basins (e. g. Meissner 1978; Luo et al 1994; Wilson 1998; 
Lee & Demming 2000). 
3.2.6 Underpressure 
Underpressured rocks have been found within various basins around the 
world, particularly in Canada and the U. S, including West Canada Basin, Alberta 
(Gies 1984; Davies 1984), San Juan Basin, New Mexico and Colorado (Meissner 
1978), and Green River Basin, Wyoming (Davies 1984). In each of the above cases, 
the basin has been uplifted and contains gas-bearing reservoirs. The following 
mechanisms can be used to create underpressure Swarbrick and Osborne 1998): 
" Differential discharge 
" Differential gas flow 
9 Rock dilatancy 
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" Osmosis 
9 Thermal effects 
Although it is possible that the Delaware Basin may be experiencing 
underpressuring, this study has not seen any substantial evidence to suggest this. 
Therefore no more detail will be given. Further detail concerning underpressure can 
be found in Swarbrick and Osborne (1998) and Swarbrick et al (2002). 
3.3 Overpressure in the Delaware Basin 
This study has used over 500 DST data points from over 300 wells (Fig 3.5) 
throughout the Delaware Basin, in order to obtain a comprehensive pore pressure 
data set for the basin. The following units within the basin were found to be 
overpressured: 
9 Lower Permian Wolfcampian Series 
9 Pennsylvanian System 
o Cisco Canyon Formation 
o Strawn Formation 
o Atoka Formaiton 
o Morrow Formation 
" Mississippian System 
o Mississippian Limestone Formation (Note however that only three 
wells recorded overpressure in this section, which is considered not 
enough evidence to suggest it is a main overpressured unit). 
9 Devonian System 
o Devonian Formation (12 wells have recorded overpressure) 
The overlying and underlying units to this overpressured zone are hydrostatically 
pressured, giving evidence for an isolated zone of overpressure. 
The following diagrams (Figs 3.6 to 3.11) are pressure maps displaying the 
distribution of excess pressure in the basin for each overpressured section (excluding 
the Mississippian Limestone Formation due to limited pressure data). The maps are 
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created using `Oilfield Data Manager' version 3.2.36, developed by PGL 
Engineering Geoscience. It needs to be noted, that the maps are produced using an 
`inverse distance' gridding method, which is a weighted average system. This means 
that the program will compute the inputted overpressure for each well and create a 
weighted average between the two wells to create a map. This has a disadvantage 
where wells become sparse, such as on the edges of the basin. The program 
extrapolates overpressure values beyond the boundary, because there is no well 
control saying the overpressure is zero. Therefore it is best to interpret the maps as a 
qualitative schematic representation of the overpressure distribution, where the data 
is more reliable with well control. 
Key 
Overpressure colour 
(Psi) code 
0.00 yes 
500.00 es 
1000.00 es 
1500.00 es 
2000.00 es 
250000 yes 
300000 yes 
350000 s 
400-00 0 ,. es 
4500 00 ves 
500000 yes 
5500.00 yes 
600000 yes , 6500.00 es 
7000.00 es 
750000 yes 
8000.00 es 
8500.00 yes 
The line contours on the maps represent the depth (in feet) to top Ellenburger 
Formation, to illustrate the basin geometry. 
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Fig 3.6. Map showing the distribution of excess pore pressures of the Wolfcampian 
Series in the Delaware Basin. 
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Fig 3.7. Map showing the distribution of excess pore pressures of the Cisco 
Formation in the Delaware Basin. 
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Fig 3.8. Map showing the distribution of excess pore pressures of the Strawn 
Formation in the Delaware Basin. 
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Fig 3.9. Map showing the distribution of excess pore pressures of the Atoka 
Formation in the Delaware Basin. 
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Formation in the Delaware Basin. 
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Fig 3.10. Map showing the distribution of excess pore pressures of the Morrow 
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Fig 3.11. Map showing the distribution of excess pore pressures of the Devonian 
Formation in the Delaware Basin. 
3.3.1 Summary of overpressure in the Delaware Basin 
The excess pressure maps show that high overpressures are present in the 
Wolfcampian Series and all formations of the Pennsylvanian System, with pressures 
reaching up to 7500 psi (51 MPa) above hydrostatic. The overpressure is highest in 
the centre of the basin around Loving, Ward and East Reeves Counties (Fig 3.5). 
Also Pecos County has high overpressures, especially within the Wolfcampian Series 
and the Cisco Formation. 
In comparison to the Wolfcampian Series and the Pennsylvanian System, the 
Devonian Formation does not have the same magnitude of overpressure. Excess pore 
pressures reach only 2000 psi (14 MPa) above hydrostatic, and is only found in the 
south of Reeves County and the north of Pecos County. 
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3.4 Literature review 
This section provides a literature review on previous studies of pore pressure 
in the Delaware Baisn. To date only three papers have been published documenting 
the overpressure in the basin (Luo et al 1994; Lee & Williams 2000; Hansom & Lee 
2005). A literature review is also given for the Anadarko Basin in Oklahoma US. It 
is an overpressured Palaeozoic basin, which can be use as an analogue to this study 
of the Delaware Basin. 
3.4.1 Luo et al (1994) 
In his research paper, "Distribution and Generation of the Overpressure 
System, Eastern Delaware Basin, Western Texas and Southern New Mexico", Luo et 
al (1994) used the initial hydrostatic or the final hydrostatic readings from DST data 
to compile pressure profiles for the Delaware Basin (Fig 3.12), whereas in this study 
the initial shut-in pressures from DST data were used to compile the pressure plots. 
By using the initial hydrostatic or final hydrostatic pressure, Luo et al (1994) are 
overestimating the overpressure in the basin, whereas the initial shut-in values will 
provide a more accurate representation of the pressure. This potential variation is 
seen in the results: Luo et al (1994) state overpressures up to 8800 psi (60 MPa) are 
recorded in the basin, whereas this study has found 8000 psi (55 MPa) of excess pore 
pressure to be the maximum recorded. 
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Fig 3.12. Plot of pressure vs. depth for six counties in the Delaware Basin. After Luo 
et al (1994). 
Luo et al (1994) stated that three pressure regimes exist in the basin covering 
six counties in the states of New Mexico and Texas (Fig 3.12). An upper normally 
pressured section was recognised which coincided with clastics and evaporates of the 
Permian sequence. An overpressured middle section comprising the shales of the 
Mississippian, Pennsylvanian and the Early Permian Wolfcampian formation is 
recognised from 10,000 ft (3 km) to 17,400 ft (5.3 km). Then a lower normally 
pressured section consisting mainly of the basal Ordovician and Silurian carbonates 
is present. These findings by Luo et al (1994) are similar to the findings of this study; 
although this study suggests that overpressure is seen further south in the basin in the 
Pecos County, and there is little evidence that the Mississippian System is heavily 
overpressured (albeit three wells recorded overpressure in the Mississippian 
Formation). However, this research has also shown that the Devonian Formation is 
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overpressured in the south of the basin, but not to such a magnitude as the 
Wolfcampian Series or the Pennsylvanian System. 
Luo et al (1994) suggested that the overpressured section is 
compartmentalised, with pressure seals on top of and below the overpressured 
compartment. They described the top of the compartment as being generally flat and 
coincident with the top of the Wolfcampian sequence. The base of the compartment 
varied, with the topography varying between 10,000 ft (3 km), in the East of the 
basin, up to 17,400 ft (5.3 km) in Loving County. This base may coincide with the 
Mississippian or the Woodford Formation but there was not enough evidence for Luo 
et al (1994) to make a definite match. The idea that the pressure compartment has a 
flat top is in agreement with Hunt's (1990) view on pressure compartments. Luo et al 
(1994) also stated that the greatest overpressures coincided with the depocentre of 
the Delaware Basin, as this is where the highest sedimentation rate had taken place, 
where the thickest section of low permeability sediments was deposited and where 
the maximum preservation of organic material would be. According to Luo et al 
(1994), the depocentre is found in Loving County. Some of the excess pressures 
recorded almost reached the lithostatic pressure gradient and a lot of the pore 
pressures would have caused lithologies to reach their fracture point, which is 
0.64psi/ft (Hubbert & Willis 1957). 
The suggestion by Luo et al (1994), that the overpressured section is isolated, 
and compartmentalised is in agreement to this study's initial analysis of the 
overpressure. A more detailed analysis concerning compartmentalisation will be 
dealt with in chapter 7 of this thesis. 
Luo et al (1994) stated that the overpressures seen in the Delaware Basin 
could be attributed to four mechanisms: disequilibrium compaction, clay 
dehydration, hydrocarbon generation and aquathermal pressuring. 
Disequilibrium Compaction 
Luo et al (1994) stated that disequilibrium compaction can only have 
generated excess pore pressure in the Wolfcampian formation, as the sedimentation 
rate was as high as 300 ft/Myr. The excess pressures recorded in the Mississippian 
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and the Pennsylvanian cannot be attributed to disequilibrium compaction, as the 
sedimentation rate was no more than 100 ft/Myr. 
Clay Mineral Dehydration 
The transformation of smectite to illite may have occurred in the Delaware 
Basin because, according to Luo et al (1994), the shales of the overpressured section 
were all in the correct temperature window for the reaction to take place 
Hydrocarbon Generation 
The Delaware Basin has five main source rocks: the Upper Devonian 
Woodford black shales, the Upper Mississippian Barnett black shales, the 
Pennsylvanian black shales, the Lower Permian Wolfcampian shale and the Lower 
Bone Spring shales (Luo et al 1994). Based on the observations that four of these 
shales fall within the overpressured section and that, at present day the Wolfcampian 
Series is in the oil window and the Pennsylvanian, Barnett and Woodford source 
rocks are in the gas window, Luo et al (1994) concluded that hydrocarbon generation 
may contribute to overpressure generation within the basin. 
Aquathermal Expansion 
Luo et al (1994) also stated that because the overpressured zone is isolated, 
the pore fluids cannot dissipate, and so any rise in temperature would have caused 
the pore fluids to expand and hence generate overpressure. 
3.4.2 Lee & Williams (2000) and Hansom & Lee (2005) 
Lee & Williams (2000) and Hansom & Lee (2005), from the same research 
group, published papers that dealt with the modelling of overpressure in the 
Delaware Basin. The models were based on the burial history scenario suggested by 
Luo et al (1994). 
The results show that excess pressure was generated by a combination of 
disequilibrium compaction and hydrocarbon generation. Their modelling also shows 
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that to preserve the overpressure, a top seal with a permeability of 10"11 mD is 
needed, suggesting that most mudstones are too permeable. Modelling also indicates 
that oil generation in the Wolfcampian reached its peak about 240 Ma, so therefore 
argues against Luo et al (1994) who suggested that oil generation in the 
Wolfcampian at the present day may contribute to the overpressure. However, Lee & 
Williams (2000) do state that their modelling shows that the Wolfcampian is 
currently generating natural gas; therefore gas generation could be a mechanism. 
3.4.3 Anadarko Basin 
The Anadarko Basin is considered to be one of the deepest foreland 
Palaeozoic Basins on the North American craton. It has a very similar geological 
history to that of the Delaware Basin (Chapter 2). Deposition began in the Cambrian, 
with rapid subsidence and deposition occurring from the Late Mississippian through 
to the Pennsylvanian, with up to 15000 ft (4.5 km) of sediment being deposited. In 
contrast to the Delaware Basin, the Permian sequence is not as thick (-3000 ft or 
1 km). The total sediment thickness in the deep basin exceeds 39,000 ft (12 km), and 
consists of sandstones, limestones and shales. It is a prolific hydrocarbon producer 
with over 50 major fields and hundreds of minor ones (Lee & Demming 2002). The 
major source rocks include shales of the Ordovician, Devonian-Mississippian and 
Pennsylvanian. 
The overpressure system found in the basin is within a completely sealed 
overpressured compartment known as the megacompartment complex (MCC) (Fig 
3.13). The top of the MCC is located between 7500 ft (2.2 km) and 10,000 ft (3 km), 
coinciding with the Upper Pennsylvanian. The bottom of the MCC coincides with 
the Woodford shale, at varying depth throughout the basin. Pressures have been 
recorded up to 7000 psi (48 MPa) in excess of the hydrostatic in the Morrow 
Formation of the Early Pennsylvanian (Al-Shaieb et al 1994). 
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Fig 3.13. Anadarko Basin - showing the extent of the MCC (A1-Shaieb et al 1994). 
Lee & Demming (2002) considered the two end members of disequilibrium 
compaction and hydrocarbon generation as potential mechanisms for the cause of the 
overpressure in the basin. Rapid burial of Palaeozoic sediment occurred 250-300 Ma. 
Therefore if overpressure was generated through disequilibrium compaction, then 
extremely low permeabilities are needed. Lee & Demming (2002) worked out that 
permeabilities on the order of 10"12 mD are needed to maintain the excess pressure. 
To put this into perspective, the lowest permeabilities ever recorded for sedimentary 
rocks are only of the order 10'7 - 10"8 mD (Swarbrick 2003). 
Lee & Demming (2002) also looked at whether hydrocarbon generation could 
be a suitable mechanism for overpressure generation. In modelling this as a potential 
mechanism, the most critical variables are temperature and permeability. The present 
day geothermal gradient in the Anadarko Basin is around 21 °C/km, whereas the 
palaeo-geothermal gradient may have been up to 25 °C/km. Also the Anadarko Basin 
has undergone uplift and cooling, with anywhere between I km and 3 km of 
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denudation. Therefore Lee & Demming (2002) modelled two end member scenarios, 
a cold and a hot history. The cold thermal history assumes that the thermal gradient 
remained constant at 21 °C/km and there was only 1 km of Mesozoic sedimentation 
and subsequent erosion. If this was the case, then an average basin permeability of 
10-6 mD is needed to explain the overpressuring. Also at depths between 14700 ft - 
21300 ft (4.5-6.5 km), the Pennsylvanian shales would presently be producing 
hydrocarbons, which corresponds to the maximum overpressures seen today. The hot 
model assumes a geothermal gradient that cooled from 25 to 21 °C/km, with 3 km of 
Mesozoic sedimentation and Tertiary erosion. In this scenario, a lower permeability 
of 10-8 mD is needed to contain the high pore fluid pressures caused by hydrocarbon 
generation. 
In conclusion Lee & Demming (2002) stated that for disequilibrium 
compaction to be the main mechanism for overpressure generation in the Anadarko 
Basin, then permeabilities 1-2 orders of magnitude lower are required compared to 
scenarios where gas generation was the main mechanism. Although they state that if 
gas generation was the mechanism behind the excess pore pressure, then thin layers 
of zero permeability within the MCC are still needed to explain the excess pore 
pressures seen today. Therefore gas capillary seals could exist in the basin where 
formations consist of alternating layers of coarse and fine-grained sediment and 
capillary forces prevent gas from being expelled from the coarse-grained rock into 
the fine-grained lithology (Revil et al 1998). 
Al-Shaieb et al (2002) believe that there is a hierarchy of pressure seals 
within the MCC, where first order seals separate the MCC, then second order seals 
separate stratigraphic intervals, and third order seals separate individual 
compartments. Fluid inclusion analysis of the seals enabled Al-Shaieb et al (2002) to 
get an insight into their genesis and burial history. The seals evolved with burial and 
confined the overpressures, which were caused by hydrocarbon generation and 
thermal expansion. Then once the seals were in place, overpressure increased further 
due to the generation of gas. These seals would have had a high sealing capacity and 
were able to confine the excess pressures through geological time. 
Cranganu (2004) concluded that the origin of the overpressure in the 
Anadarko Basin was not due to a classic common cause such as disequilibrium 
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compaction or gas generation, but the capillary sealing mechanism itself. The 
movement of gas molecules from coarse-grained sediments into fine-grained rocks 
creates the capillary seal and the actual movement of the gas creates a capillary 
pressure drop across the gas-water interface. This pressure change could be enough 
to account for the magnitude of overpressure seen in the basin. 
The general consensus concerning the overpressure in the Anadarko Basin is 
that, regardless of what the generating mechanism was, a super seal of near zero 
permeability is needed to maintain the excess pore pressure. Also the idea of 
disequilibrium compaction is dismissed as a potential generating mechanism, while 
gas generation is deemed the likely cause. 
3.5 Conclusions 
Overpressure (up to 8500 psi or 58.6 MPa above hydrostatic) is seen in the 
Delaware Basin, where it is isolated in the Early Permian Wolfcampian Series, the 
Pennsylvanian System and the Devonian Formation. The overlying and underlying 
units are hydrostatically pressured. 
This study of overpressure in the Delaware Basin will use numerous basin 
analysis techniques to understand the pore pressure history of the basin with regard 
its generation and its maintenance. The results will be discussed in detail and 
integrated with the results of previously published papers in the discussions chapter 
(chapter 7). 
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4.1 Introduction: Mesozoic and Cenozoic Tectonic 
Events of the Delaware Basin 
The Earth's surface is continuously reshaped by the interaction of tectonic 
and surface processes. Where tectonic forces are acting on the lithosphere, it can lead 
to downward vertical motions or subsidence, the resulting depressions are usually 
filled with sediments that contain a record of these vertical motions over geological 
timescales. However, in actively uplifting regions, the surface response will mostly 
be erosional and contain no direct sedimentological record of past vertical motions. 
In such systems, thermochronology provides a useful technique to reconstruct the 
basinal history and vertical movements of the basin sediments (Braun et al. 2006). 
However, it should be stated that the sedimentological record is non-linear and is 
dependent upon many parameters that need to be understood in order to interpret 
thermochronological data meaningfully. These will be explored later in the chapter 
when the techniques used in this study are described. 
This chapter provides the first detailed thermochronological study of the Delaware 
Basin during the Mesozoic and Cenozoic. The thermochronological data is treated in 
a rigorous and quantitative manner, to extract the data pertaining to the depositional 
and uplift history of the Delaware Basin. Such histories are of considerable 
importance for understanding the generation and maintenance of excessive pore 
pressures in the basin. 
4.1.1 The Mesozoic: Subsidence and sediment fill 
The area of uncertainty that surrounds the Mesozoic are the questions of how 
much deposition actually occurred during this time, and when during the Mesozoic 
was the basin at maximum burial? 
As previously mentioned in chapter 2, the Delaware Basin was an area of 
positive relief in a stable platform setting during the Mesozoic, with little deposition. 
However, Triassic and Lower Cretaceous sediments of 500 ft (150 m) and 1250 ft 
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(381 m) thickness respectively, are found within the basin, and although the 
distribution is sporadic, it is accepted that these sediments once continuously covered 
the whole basin (Hills 1984). Numerous authors (Hills 1984; Horak 1985; Barker & 
Pawlewicz 1987; Frenzel et a11988; Hill 1996) believe that this thickness of 
preserved Mesozoic sediments represents the total amount of deposition that 
occurred during the Mesozoic. This leads to burial history curves (Fig 4.1) similar to 
the one published by Luo et al (1994) being used in research papers associated with 
the Delaware Basin, where little to no deposition is associated with the Mesozoic. 
Previously Friedman et al (1986) had speculated that some 2000 ft (600 m) of 
sediments were deposited during the Cretaceous, which would have been an extra 
750 ft (230 m) of sediment on top of what is preserved at present day. 
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Fig 4.1. Burial history curve for the Delaware Basin as suggested by Luo et al (1994) 
and used by Lee and Williams (2000). The Mesozoic and Cenozoic burial history is 
interpreted solely from preserved strata in the basin. 
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There is a considerable degree of uncertainty regarding the deposition and 
burial histories during the Mesozoic, especially concerning the Jurassic and Late 
Cretaceous. There are two prominent hiatuses evident in the Mesozoic succession, at 
top Triassic and top Lower Cretaceous, with a complete absence of Jurassic and 
Upper Cretaceous strata. Hills (1984) has speculated that these may have been 
erosional hiatuses, indicating that Jurassic and Upper Cretaceous sediments were 
once deposited and since been eroded. 
This chapter reports the use of apatite fission track analysis, vitrinite 
reflectance analysis and shale compaction curves to demonstrate for the first time 
that previous studies have grossly underestimated the thickness of sediment that was 
deposited in the basin since the end of the Triassic. 
4.1.2 The Cenozoic: Uplift and erosion 
Two major tectonic events affected the Delaware Basin during the Cenozoic: 
the Laramide Orogeny (80-40 Ma) and the Basin and Range extension with 
associated uplift (30-0 Ma). It can be assumed that both of these tectonic events had 
substantial effects upon sedimentation in the basin but perhaps the more important 
question to be asked is: how much uplift occurred and over what timescale? 
Stratigraphic units within the basin all dip to the east, due to tilt and 
subsequent uplift of the western edge, causing Permian strata to be exposed in the 
west. The tilt has caused post-Wolfcampian beds on the western edge to be 7500 ft 
(2.2 km) higher up than their lateral equivalent in the depocentre of the basin. The 
tilt can be seen in both cross-section and outcrop (Figs 4.2 and 4.3). 
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Fig 4.3. Looking north from the western edge of the Delaware Basin. The exposure 
of the Guadalupe Mountains is seen where the easterly tilt of the strata into the basin 
is clearly noticeable. 
Hills (1984), Horak (1985), Barker & Pawlewicz (1987), Frenzel et al (1988) 
and Hill (1996) document that the tilting of the basin stratigraphy is a direct result of 
the two-stage basin uplift. However, there is considerable uncertainty as to which 
event contributed to the tilting the basin, or whether it was actually a consequence of 
both. It is summed up by Hill (1996) who has compiled the most detailed study of 
the basin to date: 
"A problem which has rarely been discussed but which has important consequences 
is: how much uplift of the Delaware Basin occurred during the Laramide orogeny 
(first event 80-40 Ma) versus how much occurred during the Basin and Range 
(second event 30-0 Ma)? " 
Gregory & Chase (1992) and Hill (1996) believe that all the tilt and 
subsequent uplift of the western edge is attributable to the Laramide compression, 
whereas Horak (1985) and Barker & Pawlewicz (1987) suggest that half of the 7500 
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ft (2.2 km) of overall flank uplift is due to Laramide compression and half is due to 
the Basin and Range event. At the other extreme, Elston (1984) and Sahagian (1987) 
suggested that isostatic uplift associated with the Basin and Range extension could 
be as much as 6500 ft (2 km). 
Despite several researchers recognising that the Laramide orogeny and / or 
the Basin and Range event resulted in the uplift of the western edge of the basin, 
there has been no detailed study to suggest whether these uplift phases may have also 
affected the whole of the basin, let alone quantify the amount of Cenozoic uplift that 
may have taken place. A burial history curve (Fig 4.4) used by Barker and 
Pawlewicz (1987) representing the deep portion of the eastern Delaware Basin shows 
up to 3000 ft (900 m) of Cenozoic uplift, suggesting that these two tectonic phases 
did affect the rest of the basin and not jut the western flank. However, in the text they 
make no reference to this, and comment that the eastern portion has remained 
relatively stable since the Permian. 
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Fig 4.4. Burial history plot of the eastern Delaware Basin according to Barker & 
Pawlewicz (1987). It shows that during the Cenozoic the basin experienced around 
3000ft (900m) of uplift (Taken from Barker and Pawlewicz 1987). 
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It highlights the uncertainty surrounding the uplift history of the basin, when 
two widely cited papers (Barker & Pawlewicz 1987; Luo et al 1994) document burial 
history curves that differ dramatically, with the former suggesting 3000 ft (900 m) 
of uplift and the later zero. 
4.1.3 Aims: Tectonic controls on excess pore pressure in the 
Delaware Basin 
The lack of quantitative data documenting the timing of burial and 
subsequent uplift of the Delaware basin is addressed through thermochrology and 
shale compaction curves, permitting the extraction of information about the thermal 
history of the sediments. This allows a new burial history curve to be assigned 
documenting the timing of key events in the basin history. 
A revised burial history has fundamental implications for the study of 
overpressure in the Delaware Basin, because burial and temperature are key factors 
in the mechanisms that generate overpressure. It is also believed that uplift can cause 
a reduction in pore pressure. Hunt (1990) suggested that when a sedimentary system 
is uplifted and eroded, the rocks cool and the greater shrinkage of the pore fluids 
reduces the pore pressure. Neuzil & Pollock (1983) also suggested that when uplift 
occurs fine-grained siliciclastics will experience elastic rebound, where pore space 
increases, leading to a decrease in pore pressure. Therefore, having an accurate burial 
history will provide a better constraint on how pressure is generated, and how it has 
remained in the basin. 
The results from this chapter also have implications for previous published 
results concerning pore pressure in the basin (Luo et al 1994; Lee & Williams 2000; 
Hansom & Lee 2005). Luo et al (1994) made assumptions about temperature and 
burial of sediments in the basin based on a very basic burial history curve (Fig 4.1) 
that suggested little Mesozoic deposition and no Cenozoic uplift. Therefore, a 
revised burial history must seriously compromise their results. A more detailed 
critical appraisal of these research papers will be dealt with in the discussions 
(Chapter 7). 
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4.2 Burial history of the Delaware Basin 
To test the hypothesis that the Delaware Basin underwent greater burial in the 
Mesozoic greater uplift in the Cenozoic than have previously been proposed, a 
number of techniques have been applied: 
1) Apatite Fission Track Analysis (AFTA) 
2) Vitrinite Reflectance Analysis (VR) 
3) Shale Compaction Curve Analysis 
Each of these techniques and the results obtained from them are discussed in this 
section and then all the results are collated in section 4.3. 
4.2.1 Apatite fission track analysis (AFTA) 
Over the last 20 years, fission-track thermochronology has become an 
established technique for constraining the low-temperature thermal histories of rocks 
and for analysing the thermal and burial histories of sedimentary basins (e. g. Naeser 
et al 1989; Green et al 1989; Feinstein et al 1989; Brown et al. 1994; Wang et al 
1994; Gallagher et al. 1998; Donelick et al 2005). The understanding of fission track 
behaviour in apatite grains during geological thermal events is based upon numerous 
laboratory studies. (e. g. Green et al 1986; Duddy et al 1998), while in-depth 
discussions of the theory can be found in Fleischer et al (1975) and Wagner & Van 
Den Haute (1992). 
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4.2.1.1 Delaware Basin Sampling 
Five samples from the JE Haley 24-1 well in Loving County in the eastern 
Delaware Basin (Fig 4.5 & Fig 4.6) and five outcrop samples from the western 
Delaware Basin (Fig 4.5) were analysed by Geotrack in Western Australia for 
AFTA. The following standard technique was advised by Geotrack (Duddy pers 
comm. ) and used for sampling of the Delaware Basin. 
" Samples should come from sands or silts in any form, i. e. cuttings, core, or 
outcrop etc. 
o Four of the outcrop samples were from Late Permian sands that are 
exposed on the western edge of the basin (Fig 4.5 & 4.6, and Table 4.1). 
The last sample is a Triassic sand found 30 km to the north of the other 
four samples in New Mexico (Table 4.1). 
o Samples from the JE Haley 24-1 well came from cuttings and were 
picked from prominent sandstone formations within the Permian 
Leonardian and Guadalupian Series (Fig 4.6 & Table 4.2). 
" Where samples have come from a well, each individual sample can be 
composited over a depth interval where the change in downhole temperature is 
no more than 5°C. 
o The modem day geothermal gradient is between 18-22°C/km 
(Mazzullo 1986; Barker & Pawlewicz; Luo et al 1994), therefore each 
sample from the JE Haley 24-1 well was composited over no more 
than 800 ft (250 m) (Table 4.2). 
" Well samples should not come from depths where the downhole temperature is 
greater than 110 °C. 
o The deepest sample from the JE Haley 24-1 well is from the Bone Spring 
formation in the Permian Leonardian Series, where the present 
temperature is 98 °C (Table 4.2). 
" The weight of the sample should be between 500-1000 g to enable a good enough 
frequency of apatite grains. 
o The samples from both the well and outcrop were nowhere near the 
suggested sampling weight. However 80% of the samples contained good 
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to excellent yields of apatite, meaning the weight was not an issue (Table 
4.2). 
" Individual samples from a well should not be composited across an 
unconformity. 
o All of the well samples came from the conformable Leonardian and 
Guadalupian Series. 
Sample Sample Stratigraphic Stratigraphic Present Weight (g) 
Type Position & Age (Ma) Temp (°C) & Apatite 
Depth (ft) Yield 
GC 930-1 Cuttings Bell Canyon 270 - 260 58 360 
5200 - 6020 Excellent 
GC 930-2 Cuttings Cherry Canyon 270 - 260 65 440 
6200 - 7020 Good 
GC 930-3 Cuttings Brushy Canyon 270-260 72 230 
(A) Excellent 
7500 - 8300 
GC 930-4 Cuttings Brushy Canyon 270 - 260 78 310 
(B) Good 
8300 - 9120 
GC 930-5 Cuttings Bone Spring 280 - 270 98 290 
11500-12010 Fair 
Table 4.1. Description of the five well samples from the JE Haley 24-1 well, Loving 
County in the Delaware Basin (Taken from Duddy 2006). Refer to Figs 4.5 and 4.6. 
Sample Sample 
Type 
Stratigraphic 
Subdivision 
Stratigraphic 
Age (Ma) 
Weight (g) & 
Apatite Yield 
GC 930-6 Outcrop Brushy Canyon 270 - 260 190 and Excellent 
GC 930-7 Outcrop Cherry Canyon 270 - 260 320 and Excellent 
GC 930-8 Outcrop Bell Canyon (A) 270 - 260 110 and Excellent 
GC 930-9 Outcrop Bell Canyon (B) 270 - 260 80 and Excellent 
GC 930-10 Outcrop Triassic 245 - 208 150 and Excellent 
Table 4.2. Description of the five outcrop samples from the exposed Late Permian 
and Triassic section in Western Delaware Basin (Taken from Duddy 2006). Refer to 
Figs 4.5 and 4.6. 
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4.2.1.2 Basic Principle of AFTA 
By analysing the trail of radiation damage caused within an apatite grain 
when 238Uranium (238U) atoms fission, AFTA will essentially determine whether or 
not a sample has been hotter in the past. When 238Uranium (238U) atoms fission, it 
causes fission tracks (Fig 4.7) to be created. The number of tracks that are etched 
into the unit area of the surface of an apatite grain (spontaneous track density) will 
depend on three factors: 
" The time over which the tracks have been accumulating. 
" The uranium content of the apatite grain 
" The distribution of track lengths in the grain. 
I 
wmý 
jev 
ý" 
Fig 4.7. Picture of an apatite grain showing numerous fission tracks. This grain has a 
moderate spontaneous track density. 
In a sedimentary rock where temperatures have not exceeded more than 50 °C 
since deposition, apatite grains have a characteristic distribution of confined track 
lengths, with a mean length in the range of 14-15 µm, and a standard deviation of 
1µm. In such samples, measurements of spontaneous track density and uranium 
content enable a fission track age to be calculated, which equals the time over which 
the tracks have been accumulated. 
If the temperature of the sediment exceeds 50 °C, then the fission tracks will 
start to anneal. They become shorter by shrinking from each end due to the gradual 
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repair of the radiation damage. Numerous studies have been conducted where 
quantitative models were used to analyse how fission tracks anneal in sediments 
(Green et al 1986; Carlson 1990; Crowley 1991; Corrigan 1992). As temperature 
increases, all existing tracks will shorten to a length determined by the prevailing 
temperature regardless of when they formed. The mean track length falls 
progressively from - 14 µm at 50 °C to zero at 110-120 T. A decrease in track length 
will also accompany a reduction in fission track age because of the reduced 
proportion of tracks that can intersect the polished surface. 
If the sediment then decreases in temperature, all the tracks formed prior to 
the temperature maximum, will then freeze at the length attained and the length of 
each track will then be an indicator of the maximum palaeotemperatures the 
sediment experienced. 
AFTA can be used to determine whether or not a sample has experienced 
greater temperatures in the past. This is achieved by determining whether the degree 
of annealing shown by the tracks in an apatite grain could have been produced if the 
sample has never been hotter than its present temperature at any time since 
deposition. A default thermal history profile is created using the burial history curve 
of the preserved sediments. If the data show a greater degree of annealing than 
calculated with the default thermal history, the sample must have been hotter in the 
past. The maximum palaeotemperature and timing of cooling are determined using a 
forward modelling approach based on the default thermal history and quantitative 
annealing techniques. The model works through successive thermal history scenarios 
in order to identify one that could account for the observed annealed tracks and then 
a range of values for maximum palaeotemperature and time of cooling are assigned 
using a maximum likelihood approach which has a 95% confidence limit. In the 
estimation of absolute palaeotemperatures there is an uncertainty of -10 °C (Duddy 
2006), which is a significant improvement on earlier approaches. 
Most AFTA procedures are only sufficient to determine two episodes of 
heating and cooling. If a basin has undergone a complex series of heating and 
cooling episodes, then AFTA results will record the two events that were the most 
dominant, which tend to be the earliest and the latest (Duddy 2006; Braun et al. 
2006). 
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4.2.1.3 Temperature 
Temperature is an essential factor to interpreting AFTA data, as it is 
temperature that controls the amount of annealing the apatite grain experiences. 
Firstly, it is important to quantify what the present day temperature profile is for the 
well, since any estimation of maximum palaeotemperature will proceed from 
determining whether the mean track length is explained by the magnitude of present- 
day temperatures (Duddy 2006), and it forms a basic point of reference for track 
length data. For example, if the observed mean track length is shorter than the mean 
track length predicted from the default thermal history (based on the present-day 
geothermal gradient), then the sample must have been subjected to higher 
palaeotemperatures at some time after deposition. (This assumes that the measured 
tracks were not from grains inherited from the original sediment source). 
A present day temperature profile was created for the Haley 24-1 well, in 
which four samples were analysed for AFTA (Fig 4.8). The temperature profile was 
created using five bottom hole temperature (BHT) readings from the well. The 
measured BHT readings were adjusted by a correction procedure, as the measured 
formation temperatures tend to be underestimated due to drilling effects. A present- 
day surface temperature of 20 °C is taken for the well location in West Texas USA. 
Coupled with the corrected BHT readings, an estimated linear geothermal gradient of 
21.8 °C/km was derived. This is similar to the geothermal gradient of 20 °C/km and 
18°- 21 °C/km suggested by Luo et al (1994) and Mazzullo (1986), respectively, for 
the Delaware Basin. 
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H ayl ey 24-1 
+ Uncorrected BHT 
OCorrected BHT 
. - E 
Y 
L 
CL 
a) 0 
Temperature (°C) 
Fig 4.8. Present temperature profile created for the Haley 24-1 well. A surface 
temperature of 20°C is assumed. (Taken from Duddy 2006). 
As well as the importance of knowing the present-day geothermal gradient, it 
is also important to determine the palaeogeothermal gradient. The shape of the 
palaeotemperature profile and the magnitude of the geothermal gradient will provide 
an insight into the heating and cooling history of the basin (Bray et al 1992). If the 
palaeotemperature profile is linear, this can be compared against the present-day 
temperature profile to gain an idea of the basin's thermal history (Fig 4.9). However 
if there are departures from the linear palaeogeothermal gradient (Fig 4.10), then this 
would indicate a departure from a constant temperature with depth. This could be 
due to either strong contrasts in thermal conductivities through the section, or a 
localised heating effects such as hot fluid movement or intrusive bodies. 
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Fig 4.9. If the palaeotemperature profile is identical to the present-day temperature 
profile (A), then the section is experiencing maximum temperatures at present day. 
However if the palaeotemperature profile is higher than that at present (B), then it 
implies that the section has experienced greater burial and the cooling was due to 
uplift and erosion. However, it also needs to be noted that if the palaeotemperature 
profile is higher than at present, then it may be due to an elevated basal heat flow. 
(Taken from Duddy 2006). 
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Fig 4.10. Example of well data, where the palaeogeothermal gradient is not linear. 
The departure may be due to localised heating effects (Taken from Duddy 2006). 
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The palaeogeothermal gradient prior to the onset of cooling can be 
determined using the maximum palaeotemperatures, which were derived from the 
AFTA results. However the accuracy of the value depends upon two factors. To 
achieve an accurate palaeogeothermal gradient, it is best to have samples that have 
been analysed over as large a depth range as possible. If the samples come from a 
narrow depth range (<lkm), then the palaeogeothermal gradient will be very loosely 
constrained. Also it is important that the difference between the maximum 
palaeotemperature and the present temperature is greater than 10 °C, as this is the 
uncertainty range when palaeotemperatures are determined. 
4.2.1.4 How AFTA results are displayed 
AFTA results are generally shown as plots of fission track age against depth 
and mean track length against temperature. Figures 4.11 and 4.12 are an example of 
these plots, and demonstrate two possible scenarios. In Fig 4.11, deposition has been 
continuous since the Carboniferous to the present, and all samples are currently their 
maximum palaeotemperature. In Fig 4.12, the section experienced greater 
palaeotemperatures prior to cooling in the Early Tertiary. 
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Fig 4.11. In this example, in the samples below 70°C, the fission track age is either 
just above or close to the stratigraphic age, and minimal amounts of annealing have 
taken place to decrease fission track age or track length. Above 70°C, the fission 
tracks are being annealed, and both the fission track age and the mean track length 
are reduced. This pattern is characteristic of a sequence, which is currently at 
maximum temperature. (Taken from Duddy 2006). 
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Fig 4.12. This data set shows a very different pattern to Fig 4.11. At 40-50°C, the 
fission track age decreases rapidly (red arrow), so that it is less than the stratigraphic 
age. This degree of age reduction is more than would be expected for these 
temperatures. The fission track age becomes consistent (blue arrow), which is 
diagnostic of the transition between partial and total annealing. The mean track 
length plot shows two distinct patterns. In the shallow section (green arrow), the 
mean length is a lot less then expected, indicating that these samples have 
experienced greater burial and temperatures and hence annealing. However between 
50-60°C, the track length increases (yellow arrow) as tracks formed prior to 
maximum burial have been fully annealed, and are representative of tracks formed 
after cooling. (Taken from Duddy). 
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4.2.1.5 Determining amount of section removed 
Once it has been determined that the samples have been hotter in the past due 
to greater burial, then the last important stage in the analysis, is to determine how 
much uplift the section has experienced. This is done by constraining the 
palaeogeothermal gradient before uplift and then extrapolating this profile to the 
estimated palaeosurface temperature (Fig 4.13). Obviously, a number of assumptions 
are made (Duddy 2006): 
9 The palaeotemperature profile through the preserved section is linear. 
" The palaeogeothermal gradient can be extrapolated linearly through the 
missing section. 
" The palaeosurface temperature is known. 
Temperature (T) 
Ts 
removed 
Ts 
ction (U) _ (d 
Ts - Ti )Pay 
0 
Maximum 
paleotemperature 
N profile 
t 
0. 
d 
Present-day 
temperature 
profile 
Fig 4.13. Diagram to illustrate how the amount of removed section is estimated. The 
net amount of section removed is calculated by dividing the difference between the 
palaeosurface temperature (Ts) and the intercept of the palaeotemperature profile at 
the present ground surface (Ti) by the estimated geothermal gradient. If there has 
been reburial, then the total amount of section removed is obtained by adding the net 
amount to the thickness of section redeposited above the unconformity. (Taken from 
Duddy 2006). 
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4.2.1.6 AFTA results for the JE Haley 24-1 well 
Results of the AFTA analysis on the samples from the JE Haley 24-1 well, 
are summarised in Table 4.3 and displayed as a plot (Fig 4.14) where fission track 
age and mean track length are plotted against depth and present temperature. The 
temperature variables used to extract the thermal history information are a surface 
temperature of 20°C and a present day geothermal gradient of 21.8 °C/km (section 
4.2.1.3). For the following results, the palaeogeothermal gradient is assumed to be 
identical to the present one. Variations on the palaeogeothermal gradient and the 
effect on the AFTA results will be dealt with in the discussions section of this 
chapter. 
The four shallower samples (GC930-1 to -4) all showed clear evidence that 
they had been hotter in the past, because their determined fission track ages are lower 
than the fission track ages predicted from the default thermal history (Table 4.3). The 
deepest sample (GC930-5), however, shows a fission track age higher than predicted. 
This is because the sample is dominated by the present day thermal regime. Also this 
sample contained a number of apatite grains with very high chlorine content, which 
has been interpreted as evidence of possible down-hole contamination. For these two 
reasons, this sample cannot provide any constraints on the palaeo-thermal history 
(Table 4.3). 
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Sample 
number 
Average 
depth 
(in) 
Present 
temperature 
i`C) 
Stratigraphic 
age 
(Ma) 
Mean 
track 
lell_th 
Wm( 
Predicted 
mean 
track length 
i«nl) 
Fission 
track 
age 
(pia) 
Predicted 
fission 
track age 
(Ma) 
GC930-1 1'3' 58 2-0-260 11.1- ± 0.30 12.4 10+. 9 ± 111.8 216 
GC930-2 2088 65 2'0-260 12" ± 0.33 11.5 110.0 ± 13.9 206 
GC934-+ 2408 2 270-260 11.72 ± 0.42 11.2 7.; ± 8.6 188 
GC930-4 2667 '8 2-0-260 12.11 ± 0.81 9.9 34.1 ± 7.6 150 
GC930-5 3583 98 280-270 14.24 ± 0.58 10.3 51.1 ± 1-. 5 14 
Table 4.3. Summary of apatite fission track data, and default thermal history 
predictions for samples from the JE Haley 24-1 well. 
J. E. Hayley 24-1 
sit 
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Bone Spring Fr 
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'Notfcaripian 4 
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30 30 
40 40 
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- 160 16rß 
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fi 
048 12 16 
Mean Length ! µm) 
Fig 4.14. AFTA parameters plotted against sample depth and present temperature for 
samples from the JE Haley 24-1 well. Coloured lines show the pattern of fission 
track age and mean track length predicted from the default thermal history for 
apatites containing 0-0.1,0.4-0.5,0.9-1, and 1.5-1.6 wt% Cl, where the apatites from 
the Delaware Basin have a wt% Cl of between 0-0.5. 
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4.2.1.6.1 Palaeotemperature estimates 
The apatite fission track data were then interpreted using forward modelling 
techniques (section 4.2.1.2) to determine the magnitude and timing of maximum 
palaeotemperatures. The thermal history solutions derived from the all the samples 
(Table 4.4) indicate that there were two discrete palaeo-thermal events. Two events 
are needed, as the earliest (maximum palaeotemperature) episode is required to 
explain the degree of fission track reduction and also the shortest tracks within the 
track length distribution, while the later event is required to account for the 
shortening of the main mode of track length distribution. Based on this interpretation, 
the following ages can be assigned for the onset of cooling, assuming that the onset 
for each episode was synchronous in all four of the shallow samples (Duddy 2006). 
" 125 to 50 Ma (Early Cretaceous to Eocene) 
" 40 to 10 Ma (Late Eocene to Late Miocene) 
Early event 
"E. Cret. -E. Eocene" 
Later event 
L. Eocene-L. Miocene" 
Geotrack Depth Strati- Present Maxitntun Onset Peak Onset Equivalent 
sample graphic temperature paleo- of paleo- of Vitrinite 
number age temperature cooling eniperature cooling Reflectance 
GC (m) (Ma) (°C) (°C) (Ma) (; 'e) 
930-1 1737 270-260 58 100-105 135 to 50 85-95 50 to 10 0.61-0.63 
930-2 2088 270-260 65 >95 Dep" to 40 <95 40 to 0 >0.57 
930-3 2408 270-260 72 >110 125 to 45 90-110 50 to 10 '"0.66 
930-4 2667 270-260 78 >105 165 to 45 <105 45 to 0 >0.63 
930-5 3583 280-270 98 No constraint - - >0.60 
Integrated AFTA timing 125 to 50 40 to 10 
Constraint (Ma) 
Table 4.4 Palaeotemperature analysis summary for the samples from the JE Haley 
24-1 well. 
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4.2.1.6.2 Estimates of removed section 
The amount of section removed at the times of cooling can now be worked 
out to explain the observed palaeotemperatures. A number of assumptions are 
assumed for this calculation. These are a surface temperature of 20 °C and a 
palaeogeothermal gradient of 21.8 °C/km, which is the same as the present day 
geothermal gradient. Also the palaeogeothermal gradient is assumed to be linear 
through the removed section. Variations on the palaeogeothermal gradient and its 
effect on the estimates of removed section will be dealt with in the discussions sub- 
chapter. 
The results show that the amount of additional burial needed to explain 
palaeotemperatures prior to the onset of each cooling event is: 
" Early Cretaceous to Eocene (125-50 Ma) - 6890 ft (2100 m) 
" Late Eocene to Late Miocene (40-10 Ma) -3600 ft (1100 m) 
These estimates are quoted with a +/- 95% confidence limit (Duddy 2006). The 
above values will be quoted throughout the thesis, but it needs to be noted that there 
could be couple of hundred feet of difference in these estimates. 
4.2.1.7. Results from the outcrop samples 
The five outcrop samples from the western edge of the Delaware Basin were 
analysed by the same process as the well samples, and again a present day surface 
temperature of 20 °C is used. The measured fission track ages in the five samples are 
significantly younger than expected, and the mean track lengths are shorter than 
expected from the default thermal history (Table 4.5 and Fig 4.15). These results 
show clear evidence that the samples have cooled from maximum 
palaeotemperatures higher than the present outcrop temperature of 20 °C. 
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Sample Source Present Stratigraphic Mean Predicted Fission Predicted 
number \o. temperature age track ]]lean trick fission 
lellYth track length age track age 
C) Na) (pm) lfinl) tMa, (Ma) 
GC930-6 - 20 2-0-260 114' ± 0.35 14.39 6'. 6 ± 10.2 259 
GC9.0-- - 20 2-0-260 10.95 ± 0.53 14.3' 169.4 ± 18.6 258 
GC930-8 A 20 270-260 11.12 +0.40 14.36 106.4 ± 12.7 258 
GC930-9 B 20 2'0-260 10.79 ± 0.46 14.35 1_12±9.4 258 
GC930-10 - 20 245-208 10.49 ± 1.02 14.44 14 5.5 ± 1+. 0 221 
Table 4.5. Summary of apatite fission track data, and default thermal history 
predictions for outcrop samples from the western Delaware Basin. (Taken from 
Duddy 2006). 
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Fig 4.15. AFTA parameters plotted against relative stratigraphic position for Triassic 
and Permian outcrop samples from the Delaware Basin, where a present day 
temperature of 20°C is assumed. Coloured lines show the pattern of fission track age 
and mean track length predicted from the default thermal history for apatites 
containing 0-0.1,0.4-0.5,0.9-1, and 1.5-1.6 wt% Cl, where the apatites from the 
Delaware Basin have a wt% Cl of between 0-0.5. 
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4.2.1.7.1 Time of cooling from maximum palaeotemperatures 
As with the well samples, the outcrop samples show two discrete palaeo- 
thermal events (Fig 4.16). All samples show a varying range of estimated 
palaeotemperatures, with two of the samples only recording one event. The Brushy 
Canyon 930-6 sample has the best constraint on timings of the thermal episodes, and 
a thermal history solution for this sample is illustrated in Figure 4.17. Taking into 
account the entire outcrop samples, the estimates for onset of cooling are: 
" 55 to 45 Ma (Eocene) 
" 25 to 0 Ma (Late Oligocene to present day) 
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Fig 4.16. Constraints on the onset of cooling derived from AFTA from outcrop 
samples from the western Delaware Basin. The AFTA results define two post- 
depositional thermal episodes with cooling beginning at some time between 55-45 
Ma, and 25 Ma to present day. 
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Fig 4.17. AFTA thermal history solution for the Brushy Canyon Formation outcrop 
sample (GC 930-6). The coloured fields show 95% confidence constraints on the 
time and temperature conditions required to explain the AFTA data. The results 
indicate two major thermal episodes with cooling through 100-105°C occurring 
between 55 -20 Ma, followed by cooling from 50 - 90°C beginning at some time in 
the last 25 Ma. 
4.2.1.7.2 Estimation of removed section 
Because the estimation of palaeogeothermal gradients is not possible for 
outcrop samples, as a vertical sequence of samples over reasonable depth range is 
needed, then the method of extrapolating the palaeogeothermal gradient to determine 
removed section is not possible. 
However, from the AFTA results, it is clear that the samples experienced 
maximum palaeotemperatures greater than 90 °C, which cannot be achieved at 
ground surface, and so must have experienced greater burial. A very rough estimate 
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can be suggested for the outcrop based on palaeotemperature and an assumed 
palaeogeothermal gradient. For example, sample GC9301-1 experienced a maximum 
palaeotemperature of 100-105 °C between 55-20 Ma, and assuming a 
palaeogeothermal gradient of 25 °C/km, then 11000 ft (-3.3 km) of additional burial 
is required. Similar calculations can be made using different palaeotemperatures and 
palaeogeothermal gradients. However, it is clear that for the outcrop samples, it 
would require kilometre scale uplift and erosion in both cooling events to explain the 
maximum recorded palaeotemperatures seen. 
4.2.1.8 AFTA summary 
The AFTA results for both the well samples and the outcrop samples showed 
that the basin did experience greater burial, and AFTA suggested two thermal 
episodes of regional significance with associated phases of cooling: 
For the JE Haley 24-1 well samples the phases of cooling are: 
" Early event: 125-50 Ma 
9 Later event: 40-10 Ma 
Early Cretaceous-Eocene 
Late Eocene-Late Miocene 
For the outcrop samples, the phases of cooling are: 
" Early event: 55-45 Ma 
" Later event: 25-0 Ma 
Early to Middle Eocene 
Latest Oligocene to recent 
Combining the results from the well and outcrop samples, providing they represent 
two regionally synchronous cooling episodes, the following constraints can be made: 
" Early event: 55-50 Ma Early Eocene 
9 Later event: 25-10 Ma Latest Oligocene to Late Miocene 
Estimates of missing section were made for the JE Haley 24-1 well, where a surface 
temperature of 20 °C and a palaeogeothermal gradient of 21.8 °C/km were used. 
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" To explain observed maximum palaeotemperatures prior to the early uplift 
event. The section would need 6890 ft (2.1 km) of additional burial. 
" For the later exhumation event, 3600 ft (1.1 km) was removed at some time 
between 25-10 Ma. 
AFTA has therefore uniquely defined two episodes of the basin's burial 
history (Fig 4.18). Firstly, AFTA uniquely shows that the basin experienced 
maximum burial between 55-50 Ma as a consequence of 6890 ft (2.1 km) of 
additional burial. Secondly, AFTA also indicates that the last cooling episode (25-10 
Ma) resulted in 3600 ft (1.1 km) of exhumation. In between these two events, the 
basin's tectonic history is not defined by AFTA, but could be one of three scenarios 
(Fig 4.18). 
1. Maximum uplift and maximum subsidence (fig 4.18 - red lines). 
o The first uplift episode removed all the additional overburden of 6890 
ft (2.1 km) recorded by the maximum palaeotemperatures. The basin 
then subsided and accumulated 3600 ft (1.1 km) of sediment during 
the Eocene and Oligocene prior to the second uplift event (25-10 Ma) 
which removed the 3600 ft (1.1 km) just added. 
2. Period of quiescence (fig 4.18 - green lines). 
o Between the two uplift events there was no basinal subsidence and 
hence no further deposition of sediment. Consequently, as the final 
amount of uplift (3600 ft) is uniquely defined from AFTA, the first 
uplift event would have eroded off 3290 ft of sediment (1 km). 
3. Intermediate (fig 4.18 - blue lines) 
o The first uplift episode eroded off anywhere between 6890 ft - 3290 
ft, and then the necessary amount of subsidence occurred during the 
Eocene and Oligocene to allow for the final 3600 ft of uplift which 
explains the preserved strata seen today. 
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The question of which scenario best suits the Delaware Basin, will be 
analysed later in the discussion (sub-section 4.3) and the answer will enable an 
accurate burial history of the basin to be constructed. 
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Fig 4.18. The constraints on defining amount of uplift from AFTA. In this example 
E2 is uniquely defined by the total amount of section removed during the later 
episode, while D1 is also uniquely defined as the amount of additional material 
needed to explain the palaeotemperatures in the earlier episode. But E1 and D2 are 
not uniquely defined. 
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4.2.2 Vitrinite reflectance 
Vitrinite reflectance is the most widely used indicator for maturity of organic 
materials (Allen and Allen 1990). Vitrinite itself occurs as a dispersed component in 
the kerogen of source rocks in sedimentary basins; therefore to carry out vitrinite 
reflectance a basin needs to have organic rich source rocks within its stratigraphy. In 
the Delaware Basin, the shales of the Lower Permian Wolfcampian Series, and 
shales within the Pennsylvanian, Mississippian and Devonian strata are known to 
contain organic rich source rocks. 
It is the reflectance of vitrinite in oil (Ro) that is measured. Generally, 
temperature increases with depth, and so does the reflectance of vitrinite as the 
sediment becomes more thermally mature (Gluyas and Swarbrick 2004). The 
measured vitrinite reflectance is plotted against depth, typically with reflectance 
values on a logarithmic scale with depth on a linear scale. In a basin showing 
continuous sedimentation which is at maximum burial at present day, and where 
there are no unconformities or intrusions, the Ro values should fall on a straight 
linear trend and can be extrapolated to 0.2% Ro at the surface (common % Ro of 
near surface sediments) (Fig 4.19). The actual rate of maturity increase with depth 
expressed by the Ro values, is not the same for each basin or source rock, but varies 
due to the type of kerogen, the age of the sample, and the palaeogeothermal gradient 
(Fig 4.20). 
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Fig 4.19. Vitrinite reflectance plotted against depth showing a linear trend of 
increasing maturity with depth. Vitrinite reflectance typically has a value of 0.2 %Ro 
at the surface. (Adapted from Gluyas and Swarbrick 2004). 
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Fig 4.20. Plot of depth versus vitrinite reflectance for kerogens of different ages, 
where the older kerogens are significantly more mature. (Taken from Allen and 
Allen 1990). 
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There are two main uses of vitrinite reflectance data. Firstly, it is a good 
indicator of a source rock's maturity with regards hydrocarbon generation, where the 
following reflectance boundaries can be used: 
<0.5% Ro Immature (oil) 
0.5 - 0.7% Ro Early mature (oil) 
0.7 - 1% Ro Mid mature (oil) 
1- 1.3% Ro Late mature (oil) 
1.3 - 2.2% Ro Peak mature (gas) 
2.2 3% Ro Late mature (dry gas) 
Secondly, vitrinite reflectance data from within a well can indicate whether the 
section has been hotter in the past, and experienced later uplift. If the section has 
been hotter in the past, then the vitrinite reflectance will show a greater maturity for 
its present depth of burial; however, this could just indicate a higher 
palaeotemperature and not necessarily greater burial. Therefore it is the projection of 
the Ro data to the present surface that indicates whether the greater maturity is due to 
extra burial or just a higher heat flow. If the projected value at the surface is greater 
than 0.2% Ro, then it can be inferred that the section underwent exhumation. To 
estimate the amount of exhumation, the inferred Ro profile is extended beyond the 
surface until the value of Ro reaches 0.2 %, and then the difference between that 
elevation and the surface elevation is the amount of exhumation (Fig 4.21). 
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Fig 4.21. Vitrinite reflectance plot with depth where the section has been more 
deeply buried in the past. The amount of uplift can be calculated by extrapolating the 
measured vitrinite data to the depth where it intercepts 0.2% Ro. In this example the 
depth at which the extrapolated best fit line reaches 0.2% Ro is -1.6km, indicating 
that this was the amount of exhumation. 
4.2.2.1 Delaware Basin sampling 
In order to determine the uplift history of the Delaware Basin, thirteen wells 
from the Delaware Basin and one well from the Midland Basin (Fig 4.22) containing 
vitrinite reflectance data were analysed. 
104 
Tom Sinclair Chapter 4: Mesozoic and Cenozoic tectonic history 
MidlanJ Basir, 
ý" 'i 
. 
1AQrIM 
ý% 
XMlii! iäPWlf JA 
Eewr sc ,',.: 
v x. 14 
Ste 
10 
14 
''^ il Ifea cram i Cam. 
12 -- ~ 
'_ - 
7ýý. 
ý 
61IMfR 
ý.. 
Jý-7 ý" ý 
Y 1: 3,500,! %70 
0 
"26 
y, 10Les 
ti _. 
v+ 
c' MrA{! 
Fig 4.22. Map showing locations of wells containing vitrinite reflectance data. The 
wells are: 1) Culberson Fee L-1; 2) Homer Cowden A-1; 3) James Ranch Unit; 4) 
Lago Gas; 5) Red Hills Unit 1; 6) Lineberry Evelyn; 7) Johnson 87-1; 8) JE Haley 
24-1; 9) Roark; 10) Greer McGinleas Unit; 11) Mrs VL Shurtleff; 12) Wapples 
Platter 1; 13) Stroman W A/C; 14) Braun Etal Unit. (Adapted from Pawlewicz et al 
2005). 
4.2.2.2 Results of the vitrinite reflectance analysis in the 
Delaware Basin 
Vitrinite reflectance (VR) data from the JE Haley 24-1 well were plotted 
against depth using a 1D basin modelling program called "Genesis" developed by 
Zetaware. The first model (Fig 4.23) plotted VR data against depth of burial at 
present day with the assumption that the section is at maximum burial at present day. 
The plot shows that the vitrinite data indicate greater maturity than expected for 
present depths of burial, indicating the section may have experienced greater burial 
in the past. 
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The model was then adapted to take into account the AFTA results for the JE 
Haley 24-1 well, where maximum burial for the well was achieved around 55-50 Ma 
as a consequence of 6890ft (2.1km) of additional burial. The model was changed by 
adding 6890 ft (2.1 km) of Late Triassic, Cretaceous and Palaeocene sediments prior 
to 55 Ma, and then uplifting the section to remove the additional 6890 ft of 
overburden. The results (Fig 4.24) highlight that if the section did experience around 
6890 ft (2.1 km) of greater burial prior to uplift as suggested by AFTA, that is enough 
to explain the higher maturity shown by the vitrinite. 
Vtnr to Ro (BP Max) 
Fig. 4.23. A plot of vitrinite reflectance (VR) against depth for the JE Haley 24-1 
well using a1D model where all preserved strata are at their maximum burial at 
present day. The lines indicate the proposed maximum and minimum VR values for 
the depth of burial. 
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Fig. 4.24. Plot of vitrinite reflectance against depth for the JE Haley 24-1 well, where 
the section has been buried by a further 6890ft (2. lkm), and subsequently uplifted. 
The extra burial is enough to explain the higher maturity recorded by the vitrinite. 
Vitrinite reflectance analysis was also done on 12 other wells in the Delaware 
Basin and one other in the Midland Basin (sub-chapter 4.2.2.1. and Fig 4.22). The 
results (Fig 4.25) were plotted on a typical VR versus depth plot where VR is on a 
logarithmic scale. Extrapolating the best-fit linear line to the elevation where the VR 
value is 0.2 %Ro, and measuring the height difference between this elevation and the 
present day surface gives the amount of predicted uplift. 
The results show two distinct linear best-fit lines through the data, where two 
wells (Homer Cowden A-1 and Culberson Fee L-1) are significantly more thermally 
mature for their depth of burial than the other wells. This is most likely because those 
two wells are located on the western edge of the basin which has been uplifted due to 
tilt more than the centre of the basin (Fig 4.26), and so for the equivalent depth of 
burial they appear more thermally mature than the other wells. All the wells, 
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however, show evidence of greater burial, with present day surface VR values of 
0.25 %Ro and 0.5 %Ro, suggesting exhumation of 2000 ft (600 m) and 5500 ft (1.6 
km) for the wells in the centre and the two wells on the edge respectively. This 
estimate of exhumation for the wells is highly dependent on how the best-fit line is 
interpreted, and therefore there is potential for large variations in the estimates. 
4.2.2.3 Summary of vitrinite reflectance data 
1D modelling of the vitrinite reflectance data from the JE Haley 24-1 well, 
clearly indicate that the sediments are more thermally mature than expected for their 
depth of burial. The high maturity can be explained if the basin experienced greater 
burial by an additional 6890 ft (2.1 km) of sediment. 
Plots of the vitrinite reflectance data from all the wells also show that the 
basin is more thermally mature; however, estimates of removed section would be 
vague as each is dependent on the interpretation of a best-fit line. Consequently, 
these vitrinite reflectance results should be interpreted solely to demonstrate that 
sediments on the western edge of the basin appear to be more thermally mature for 
their depth of burial compared to sediments in the centre of the basin. This can be 
explained because the western edge has experienced greater uplift than the centre, 
and so the sediments on the western edge appear to be more thermally mature than 
the depth equivalent sediments in the centre of the basin because they have 
experienced greater burial. 
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4.2.3 Integration of AFTA, vitrinite reflectance and rock-eval 
T-max data 
As part of their analysis for this project, Geotrack also analysed vitrinite 
reflectance (VR) data and rock-eval T-max data from the JE Haley 24-1 well. This 
was done for correlation with the AFTA results to check that the estimation of 
maximum palaeotemperature from AFTA is in agreement with other thermal 
indicators. Also combining VR and rock-eval data with the AFTA results will give a 
greater spread of data through the well, because the AFTA samples were only from 
the shallow Delaware Group whereas VR and rock-eval data extend down to strata of 
Pennsylvanian age. 
In sub-section 4.2.2.2 vitrinite reflectance data from the JE Haley 24-1 well 
were used in a 1-D modelling program to show that 6890ft of extra burial prior to the 
first uplift event (55 Ma) can explain the high thermal maturity shown by the vitrinite 
reflectance. Geotrack also interpreted the VR data from the JE Haley 24-1 well and 
came to the same conclusion. However, Geotrack noted that the VR data for the 
Bone Spring Formation plots on, or very close to, the default history vitrinite 
reflectance profile (Fig 4.27), so suggesting that the Bone Spring Formation is at 
maximum palaeotemperatures at present day. By plotting VR data derived from the 
AFTA results (especially sample GC930-1 where a definite value can be given) and 
rock-eval pyrolysis Tmax data, it can be seen that the VR data for the Bone Spring 
are anomalously low, and the true maturity trend is the same as the VR data for the 
Wolfcampian Series and the Pennsylvanian (Fig 4.27). The anomalous VR is thought 
to be caused by some form of geochemical suppression or misidentification of the 
vitrinite maceral (Duddy 2006). There are also anomalously low T-max data starting 
at around 4000 m, where the decline is explained due to contamination of the rock- 
eval samples by oil-based drilling mud that was introduced at 12856 ft (3918 m). 
Overall, the data show evidence that the section experienced greater 
palaeotemperatures in the past. 
Maximum palaeotemperature estimates can also be determined from the 
rock-eval data in the Bone Spring Formation and the VR from the Early Permian 
Wolfcampian Series and the Pennsylvanian strata (Fig 4.28). The results are very 
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consistent with the AFTA results shown in sub-section 4.2.1.6.1, where maximum 
temperatures were reached at some time between 125-50 Ma. 
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Fig 4.27. Thermal maturity plot of the JE Haley 24-1 well, using true vitrinite 
reflectance data from the well, vitrinite reflectance data derived from the AFTA 
results, and rock eval T-max data. The true maturity trend for the JE Haley 24-1 well 
is marked by the blue line based on the given maturity data. This maturity trend is 
higher than the predicted maturity trend, indicating that the section has experienced 
greater palaeotemperatures. The anomalous VR data for the Bone Spring may be 
explained by geochemical suppression or misidentification of the vitrinite maceral. 
The anomalous Tmax data coincides with where oil-based drilling mud was 
introduced in the well. (Taken from Duddy 2006). 
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Fig 4.28. Palaeotemperature constraints derived from AFTA, VR and Rock-eval 
pyrolysis for the JE Haley 24-1 well. Maximum temperatures were reached some 
time around 125-50 Ma. (Taken from Duddy 2006). 
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4.2.4 Shale Compaction Curves 
Another method for estimating palaeoburial is by using shale compaction 
curves. Progressive burial of a mudrock will result in an increase in vertical stress, 
resulting in compaction and a subsequent loss of porosity. Porosity-depth 
relationships for shales have been studied by numerous authors (e. g. Chilingarian 
1974), and vary from one study area to the other (Fig 4.29). They are dependent on a 
number of factors: a) geological age, b) effective stress, c) lithology, d) mineralogy, 
e) tectonic stresses, f) speed of deposition, g) thickness of sedimentary formations, h) 
sorting, i) amount and nature of cement, j) chemistry of pore fluid (Dzevanshir et al 
1986). 
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Fig 4.29. Relationship between porosity and depth of burial for shales. 1= Proshlyakov 
(1960); 2= Meade (1966); 3= Athy (1930); 4= Hosoi (1963); 5= Hedburg (1936); 6= 
Dickinson (1953); 7= Magara (1968) ;8= Weller (1959); 9= Ham (1966); 10 = Foster and 
Whalen (1966); 11= compaction curve used for this study. Taken from Dzevanshir, R. D., et 
al 1986. 
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The earliest compaction law was introduced by Athy (1930): 
(D _ (Doe-" (4.1) 
where: 
= porosity at depth z, 
(Do = surface porosity, 
c= compaction coefficient constant. 
Hubbert and Rubey (1959) modified Athy's compaction law by substituting the 
depth (z) with vertical effective stress (ßv) to reflect the changes of porosity due to 
loading stress rather than burial depth: 
(D = (Doe-"' (4.2) 
The pore pressure prediction software `presgraf ` is used in this study to analyse 
shale compaction in the Delaware Basin. The compaction curve used by `Presgraf is 
based on Hubbert and Rubey's porosity-depth relationship, but uses the mean 
effective stress instead of the vertical, which assumes that horizontal stresses also 
affect compaction not just vertical loading: 
(D1= (DOe-cßm (4.3) 
where: 
(Di = porosity at infinite stress, 
(Do = surface porosity, 
am = mean effective stress, and 
C= compaction coefficient constant. 
The variables for this normal compaction curve are VClay (volume of clay), 
(Do (surface porosity) and the compaction coefficient. It needs to be noted that a 
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normal compaction curve will vary for every unit of sediment within a basin, due to 
differing clay fraction and cementation factors. 
In order to utilise shale compaction curves to analyse the Delaware Basin's 
burial history, a shale compaction curve is first constructed using the sonic travel 
time values of shales through the JE Haley 24-1 well in Loving County using the 
pressure prediction software "presgraf' (Fig 4.30). The resulting plot shows three 
potential normal compaction curves through the well; the Delaware Group, Upper 
Bone Spring Formation and the Bone Spring 3rd Sand Unit. (Fig 4.30). Through well 
test pressure data, it is known that the Bone Spring 3rd Sand Unit is normally 
pressured at present day in the basin, and the first sign of overpressure is in the 
underlying Wolfcampian Series. Therefore for this study, it is taken that the assigned 
normal compaction curve for basin should run through the Bone Spring 3rd Sand 
Unit. Through the use of mercury injection porosimetry analysis on shales of the 
Bone Spring 3rd Sand Unit which was undertaken as part of this research, a porosity 
value of 10% can be assigned to these shales. Also assuming an initial starting 
porosity of 60%, a porosity-depth curve can be produced using the Hubbert & Rubey 
relationship (Equation 4.3) (Fig 4.29 and Fig 4.30). 
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Fig 4.30. Shale compaction curve for the JE Haley 24-1 well. The presgraf assigned 
normal compaction curve (based on Hubbert and Rubey's (1959) compaction 
relationship), indicates that the shales of the Bone Spring 3rd Sand Unit are normally 
compacted at present day. 
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As can be observed from the compaction curve (Fig 4.30), the majority of the 
shales do not plot on the assigned normal compaction curve. For instance, the shales 
of the Wolfcampian Series plot to the left of the normal compaction trend. Three 
processes can explain these deviations. If the deviation is to the left of the normal 
compaction curve, then this could be due to excess pore pressure, where the shales 
have a higher porosity for their depth of burial. If the deviation is to the right of the 
normal compaction curve, that indicates the shales have low porosity for their 
present depth of burial. This could be due to either porosity loss through 
cementation, or it could indicate that the shale has been more deeply buried in the 
past and has experienced uplift (Fig 4.31). In the Delaware Basin, this is the case in 
both the Delaware Group and the Upper Bone Spring Formation where they have 
clear compaction trends but the trends are shifted to the right of the normal 
compaction curve (Fig 4.30 - yellow and green trend). The results (section 4.2.4.1) 
will analyse whether these trends could be palaeo-compaction trends from past 
maximum burial episodes. 
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Fig 4.31. Schematic diagram of a shale compaction curve. If shales plot below the 
normal compaction curve (red curve) they can be interpreted as having a high 
porosity for their depth, i. e. the shales could be overpressured. If the shales plot 
above the normal compaction curve, then they have low porosity for their depth. This 
could mean that there is some secondary porosity loss such as cementation, or they 
have been at a greater burial depth in the past. 
Chapter 3 showed that for the JE Haley 24-1 well, the overpressure in the 
well is isolated in the Early Permian Wolfcampian Series down to the Mississippian 
Limestone Formation, whereas the overlying Delaware Group and Bone Spring 
Formation are normally pressured. This is in agreement with what the shale 
compaction curve of the JE Haley 24-1 well shows. All the shales below the Bone 
Spring Formation have high porosity for their depth of burial, and are overpressured. 
Pore pressure with relevance to wireline logs will be dealt with in more detail in 
chapter 5. This chapter is more concerned with interpreting the shale compaction 
profiles of Upper Permian Delaware Group and Bone Spring Formation, in terms of 
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the Delaware Basin's palaeoburial and uplift history. The questions addressed in this 
chapter are: 
1. Are the shales of the Delaware Basin at maximum burial at present day? If so 
the shales of the Delaware Group and Upper Bone Spring Formation are 
significantly more compacted than expected. 
2. If the basin has experienced deeper burial in the past, do the compaction 
curves in the shales of the Delaware Group and Bone Spring Formation 
represent palaeo normal compaction curves, and does the vertical difference 
between their present location and the normal compaction curve represents 
the amount of uplift? 
4.2.4.1 Results from shales compaction curve analysis 
Utilising the AFTA and vitrinite reflectance (VR) results from the JE Haley 
24-1 well, it has been shown that the basin is not at maximum burial at present day, 
which answers question I above. AFTA showed that assuming a palaeogeothermal 
gradient of 21.8 °C/km, the JE Haley 24-1 well experienced maximum burial 55 Ma 
due to an additional 6890 ft (2.1 km) of Mesozoic and Cenozoic sediment. The VR 
results also suggest that the basin is more thermally mature, and by using a1D 
model, 6890 ft of extra burial is enough to explain the high maturity levels. 
If shale compaction curves are to be used to quantify uplift, then the 
assumption that shale compaction is irreversible must be made, i. e. if uplift occurs, 
then there is negligible elastic rebound or rock dilation (Swarbrick & Osborne 1998). 
This would mean that at maximum burial the shale would reach a degree of 
compaction in accordance to its compaction curve. If the shale were then uplifted, its 
degree of compaction would not change, hence acting as a record of its maximum 
burial. Numerous experiments have been conducted to analyse mudstone dilation, 
with Karig and Hou (1992) concluding that compaction is nearly irreversible, 
however, another study suggests that compaction is reversible (Neuzil & Pollock 
1983). One factor which would reduce the amount of dilation is the degree of initial 
burial and compaction and cementation of the mudstones (Swarbrick & Osborne 
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1998). The mudstones in the Delaware Basin are heavily compacted with calcite 
cement being a common feature, suggesting that rebound of the mudstones may not 
be applicable for this basin. 
Based on the results from AFTA and the assumption made above, the present 
day compaction curve (Fig 4.32 - blue triangles) for the JE Haley 24-1 well was 
shifted vertically down by 6890 ft (2.1 km) to see if the compaction curve of the 
Delaware Group represents normal compaction at maximum burial 55 Ma (Fig 4.32 
- red circles). The results show that the Delaware Group compaction curve falls very 
close to the normal compaction curve at that depth, and is just shifted to the right 
indicating that the shales are still more compact. This deflection could be explained 
by porosity loss in the Delaware Group through calcite cementation. Thin section 
analysis of a sand in that Delaware Group indicates that calcite makes up -20% of 
the petrology (Fig 4.33), and could explain why the Delaware Group has a lower 
porosity for its depth. It also needs to be noted that the normal compaction curve 
used is based on the Lower Bone Spring Formation, and every formation will vary in 
composition and hence have a differing normal compaction curve. Consequently, it 
is more than likely that the compaction trend associated with the Delaware Group is 
representative of maximum burial in the Delaware Basin 55 Ma, where there was an 
additional 6890 ft of Mesozoic and Cenozoic sediment. 
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Fig 4.32. Shale sonic data from the JE Haley 24-1 well at present day depth of burial 
(blue triangles) The data are then dropped vertically down 6890 ft (2.1 km) to 
represent maximum burial 55 Ma (red circles). The data are then uplifted by 3890 ft 
to represent the first uplift phase (green squares), when the data for the Upper Bone 
Spring Formation fall on the normal compaction curve. 
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Fig 4.33. Thin section in cross-polarised light of sandstone from the Delaware 
Mountain Group. The sample contains -20% of calcite 
The compaction trend of the Upper Bone Spring Formation may also 
represent a palaeo normal compaction curve, and could indicate the period of 
quiescence after the first uplift phase and then it could give an indication of the 
amount of uplift the basin experienced in the first cooling episode (55-50 Ma) which 
could not be uniquely quantified by AFTA but where the range was a minimum 
amount of 3290 ft (1 km) and a maximum amount of 6890 ft (2.1 km) (refer to sub- 
section 4.2.1.8 and Fig 4.18). To answer this, the shale compaction curve is then 
shifted vertically up from its maximum burial position so that the compaction curve 
of the Upper Bone Spring shales falls on the normal compaction curve (Fig 4.32 - 
green squares). This represents an uplift of 3890 ft (1185 m), which fits in with 
scenario three of the possible AFTA burial history scenarios (refer to sub-section 
4.2.1.8 and Fig 4.18). 
In conclusion, the three shale compaction curves of the Delaware Mountain 
Group, Upper Bone Spring Formation and Lower Bone Spring Formation could be 
representative of the time of maximum burial, the period of quiescence after the first 
uplift event, and present day burial after the second uplift event. Consequently, the 
difference in depth between the three compaction curves will indicate the amount of 
uplift that has taken place between each event, and more importantly be able to 
quantify the amount uplift in the first event, which AFTA could not quantify. 
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4.2.5 Summary of analysis results 
A new burial history scenario is devised for the Delaware Basin 
" The sediments in the Delaware Basin have a high thermal maturity for their 
present depth of burial as shown by AFTA and vitrinite reflectance data. 
" Both the AFTA and vitrinite reflectance results from the JE Haley 24-1 well 
show that in order to achieve the high maturity of the sediments, an additional 
6890 ft (2.1 km) of Mesozoic and Cenozoic sediment are needed prior to 
Cenozoic uplift. 
9 From the AFTA results the time of maximum burial and the first uplift event was 
estimated to be around 55 - 50 Ma. AFTA results also uniquely defined a second 
cooling event 25 - 10 Ma, when there was 3600 ft (1.1 km) of exhumation. It 
needs to be noted that all AFTA results are dependent on temperature, and for 
this analysis a palaeogeothermal gradient of 21.8 °C/km was used which is the 
same as the present day geothermal gradient. 
" AFTA is, however, unable to constrain what happened between the two events, 
which led to three possible scenarios being suggested (refer to section 4.2.1.8 and 
Fig 4.18). 
9 Three normal compaction curves can be identified in the shale compaction curve 
of the JE Haley 24-1 well. These have been interpreted as representing palaeo- 
normal compaction curves (refer to Fig 4.32). 
" The normal compaction curve of the Delaware Group represents normal 
compaction at the time of maximum burial (55 Ma), and the compaction curve of 
the Upper Bone Spring Formation represents normal compaction in the period of 
quiescence after the first uplift event. 
" Compaction curves were therefore able to quantify that 3890 ft (1.2 km) of uplift 
occurred in the first cooling event 55 Ma. 
9A new model for the burial and tectonic history of the basin based on results 
from the JE Haley 24-1 well is therefore suggested (Fig 4.34). 
"A new burial history curve is consequently proposed for the Delaware Basin (Fig 
4.35). It varies significantly from the burial history curves suggested by Luo et al 
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(1994) and Barker & Pawlewicz (1987) (refer to Fig 4.1 and Fig 4.4 
respectively). 
" The timing of each uplift phase corresponds perfectly to two known tectonic 
events that affected the area at this time: 
o 55-50 Ma - The Laramide Orogeny 
o 25-10 Ma - Basin and Range extension and associated uplift 
I: 
lilt (11a) 
. -. 
,... 
t 
.. 
v 
C 
Fig 4.34. A simplified burial history plot for the JE Haley 24-1 well, where two 
uplift phases and one burial phase have been uniquely defined by AFTA, vitrinite 
reflectance (VR) and shale compaction data. Episode 1 (blue) represents maximum 
burial 55 Ma constrained by AFTA and VR data, where an additional 6890ft of 
sediment is needed to explain the high thermal maturity of sediments recorded in the 
well. Episode 2 (grey) represents 3890ft of uplift in the ls` cooling event (55-50 Ma) 
constrained by shale compaction curves. Episodes 3 and 4: AFTA is able to uniquely 
define the last uplift event (25-10 Ma) and so, 600ft of subsidence and burial is 
needed during the Oligo-Eocene in order to explain the previous three events. 
124 
O- 
T 
E d 
E_ 
H 
8- Y 
(u)uldaa 
8 
0 
Q 
t 
- jp 
iIIIýýý. 
> 
`m 
; >'>' ' 
'. " """ '. ". ' I II III ýn 
pFýI: ýI 
": J;. .. t iii ii -. 
-ý 
ý 
"`-'ý 
3 
I 
I 
_ý I= ý. 
lid 
ý 
li t I c 
O 
ý 
41 O 
W 
U J 
y 
d 
U 
N 
Cn 
O 
d 
ä 
O 
E 
W 
ö 
ä 
w 
O 
L) 
-n 
U 
U 
0 
cC 
E 
E 
x 
cz 
co 
.. o a) 
0 
a) 
C) U 
U 
U 
3° 
-' N 
NU 
N 
C) 
ti 
o 'b 
>, o 
o C, 
0 
3 
MU 
" 
iii 
Wa 
Tom Sinclair Chapter 4: Mesozoic and Cenozoic tectonic history 
4.3 Discussion: Mesozoic and Cenozoic burial history of 
the Delaware Basin 
From the AFTA, vitrinite reflectance and shale compaction results, a revised 
burial history has been suggested for the Delaware Basin which is significantly 
different to previously suggested burial history curves of the basin (Luo et al 1994, 
and Barker & Pawlewicz 1987). This research suggests that during the Cenozoic and 
Mesozoic an additional 6890 ft (2.1 km) of sediment was deposited on top of the 
preserved Triassic, which is seen in the basin today. This contradicts suggestions by 
numerous authors (Barker & Pawlewicz 1987; Luo et al 1994; Alton-Brown 2004) 
who proposed Mesozoic deposition of no more than 1640 ft (500m). 
This research also shows that during the Cenozoic there were two prominent 
uplift episodes that affected the basin. The first uplift event (the Laramide orogeny 
55-50 Ma) removed 3890 ft (1.2 km) of sediment, then the basin subsided and 
accumulated another 600 ft (200 m) of sediment, and then the second uplift and 
cooling phase (the Basin and Range event 25-10 Ma) eroded off a further 3600 ft 
(1.1 km) of sediment. Again these results do not fit with what previous papers have 
suggested. Luo et al (1994) suggested there was zero uplift of the basin during the 
Cenozoic, whereas Barker and Pawlewicz (1987) suggested 3000 ft (900 m), which 
is less than half the estimate here. 
The other area of controversy in the literature concerns which uplift event 
tilted the basin. Gregory & Chase (1992) and Hill (1996) conjectured that all the tilt 
and subsequent uplift of the western edge is attributable to the Laramide 
compression, whereas Horak (1985) and Barker & Pawlewicz (1987) suggested that 
half of the 7500 ft (2.2 km) of overall flank uplift is due to Laramide compression, 
and the other half due to Basin and Range. At the other extreme, Elston (1984) and 
Sahagian (1987) suggested that isostatic uplift associated with the Basin and Range 
extension could be as much as 6500 ft (2 km). 
These three areas of uncertainty are discussed in the following sub-sections. 
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4.3.1 Determining the palaeogeothermal gradient 
This research (sub-section 4.2.5) agrees with Barker & Pawlewicz (1987) and 
Alton-Brown (2004), who stated that the sediments in the Delaware Basin are too 
thermally mature for their depth of burial and present geothermal gradient. The 
results from this research (sub-section 4.2.5) suggest that the high thermal maturity 
seen in the sediments is a consequence of 6890 ft (2.1 km) of additional burial where 
the geothermal gradient remained constant through time at 21.8 °C/km. This conflicts 
with the theories proposed by Barker & Pawlewicz (1987) and Alton-Brown (2004) 
as to why the sediments have a high thermal maturity. In contrast to the additional 
burial model as proposed by this research, those authors suggested that a higher 
palaeo-heat flow is the cause and that a significant amount of extra burial is not 
needed. 
4.3.1.1 Higher heat flow during the Triassic (Alton-Brown 
2004) 
Alton-Brown (2004) used present day heat flow data and the preserved 
stratigraphy to model the thermal maturity of the Tubbs well in Winkler County 
which is located in the centre of the Delaware Basin and is stratigraphically very 
similar to the JE Haley 24-1 well used in this research. For the 1D model, Alton- 
Brown (2004) used a present day heat flow of 48 MW/m2, and that Late Cenozoic 
tilting of the basin removed 980 ft (300 m) of Late Cretaceous sediment. This initial 
model significantly underestimates the thermal maturity as measured by vitrinite 
reflectance (Fig 4.36). Alton-Brown's (2004) models show that if burial and uplift 
are not modified, then a constant heat flow of 75 MW/rn 
2 is needed to explain the 
high thermal maturity; however, this overestimates the modern subsurface 
temperature. If burial is modified and heat flow remains at 48 MW/m2, then 9800 ft 
(3 km) of Late Cretaceous deposition and subsequent erosion is needed (Fig 4.36). 
Alton-Brown (2004) dismissed the idea of greater burial, and instead suggests that 
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the palaeo-heat flow varied through time so that the thermal maturity developed 
under higher heat flow. 
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Fig 4.36. Alton-Brown's modelled thermal maturity profiles for the Tubbs well. A 
present day heat flow of 48 MW/m2 and 980ft (300m) of Late Cretaceous erosion 
significantly underestimates the well's thermal maturity. (Taken from Alton-Brown 
2004). 
Alton-Brown (2004) concluded that the most probable time of heating is a 
Triassic base-crust tectonic event leading to an Early to Middle Jurassic elevated 
surface heat flow. The model assumed 980ft (300m) of Late Cretaceous deposition 
occurred and was eroded during Late Cenozoic basin tilting. Heat flow during the 
Early to Mid Jurassic reached 85 MW/m2, which then reduced to the 48 MW/m2 
recorded today in the well. This heat flow model matches the thermal maturity seen 
in the sediments (Fig 4.37). Alton-Brown (2004) suggested that the Triassic heating 
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event may have been a consequence either of a short lived period of subduction that 
would have generated melts that underplated the crust in the Permian Basin area or 
of southerly absolute plate motion which pushed the southern US over mantle heated 
by the Early Permian collision. 
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Fig 4.37. Alton Brown's thermal history model for the Tubbs well. The model used a 
high heat flow of 85 MW/m2 in the Triassic, which matches the high maturity of the 
sediments recorded by vitrinite reflectance. Taken from Alton-Brown 2004. 
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4.3.1.2 Elevated thermal regime during, the Tertiary (Barker and 
Pawlewicz 1987) 
Barker and Pawlewicz (1987) also favoured a higher palaeo-heat flow as a 
mechanism to generate the high thermal maturities seen in the basin and used 
vitrinite reflectance data as the thermal maturity indicator. Unlike Alton-Brown 
(2004) who favoured a Triassic heating event, Barker and Pawlewicz (1987) 
suggested that a higher heat flow existed during the Triassic from the Oligocene 
through to Late Miocene (33-10 Ma). This was a consequence of a large number of 
igneous intrusions that were emplaced 33 Ma in the western Delaware Basin and a 
higher heat flow associated with Basin and Range extension during the Miocene. 
They suggested that the palaeogeothermal gradient during this time period was up to 
50 °C/km. 
4.3.1.3 Palaeogeothermal gradient discussion 
In contrast to the results published by Barker & Pawlewicz (1987) and Alton- 
Brown (2004), this research suggests that greater burial did occur in the basin, which 
would have had the influence of raising the thermal maturity of the sediments. 
Vitrinite reflectance (VR) was the only method of palaeotemperature estimation used 
by Barker & Pawlewicz (1987) and Alton-Brown (2004). VR has limitations in that 
it can only be used to estimate the maximum temperature experienced by the 
sediments , and that could 
be a consequence of either greater burial or a higher heat 
flow. It also cannot put a time frame on the heating episode. Where this research has 
an advantage over the research undertaken by both Barker and Pawlewicz (1987) and 
Alton-Brown (2004) is that AFTA was done on samples from the Delaware Basin. 
AFTA is a definitive research tool for identifying whether sediments are too 
thermally mature for their present depth of burial, and also for identifying and 
quantifying phases of uplift and cooling. 
The results from the AFTA for this study clearly showed that sediments in 
the basin are too thermally mature for their present depth of burial. The results also 
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showed that there were two phases of cooling from maximum palaeotemperatures 
(55-50 Ma and 25 -10 Ma), indicating that there was greater burial and subsequent 
uplift of the basin. The amount of burial needed prior to the first uplift event to 
explain the palaeotemperatures recorded by AFTA, and the amount of uplift 
experienced in the second event are dependent on the palaeogeothermal gradient. 
AFTA, however, can put constraints on the maximum palaeotemperatures the 
sediments may have experienced. With each allowed palaeogeothermal gradient, a 
differing amount of exhumation was also predicted (Table 4.6). 
" Laramide event (55-50 Ma): AFTA allowed a range of palaeogeothermal 
gradients of 21.5 to 24.5°C/km at 95% confidence limits. 
" Basin and Range event (25-10 Ma): AFTA showed that the palaeogeothermal 
gradient was no more than 22 °C/km at 95% confidence limits. 
These results show that even with the highest palaeogeothermal gradient 
(-25°C/km) allowed, the basin still experienced maximum burial of an additional 
4000 ft (1.2 km) of missing sediment prior to the first uplift event (55-50 Ma). This 
is significantly more than Alton-Brown (2004) used in his 1D modelling, where 980 
ft (300 m) of Late Cretaceous deposition and later Cenozoic uplift and erosion was 
assumed. 
The results from the integration of AFTA, vitrinite reflectance and rock eval 
T-max data, when plotted together (refer to Fig 4.27 & 4.28), show that the 
palaeotemperature profile was linear and sub-parallel to the present day temperature 
profile. This indicates that the most likely explanation for the observed heating is 
deeper burial, and the linear nature of the palaeotemperature profile indicates that a 
heating pulse is unlikely, which contradicts Alton-Brown's (2004) suggestion. 
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Estimates of removed section (metres) 
Early Cretaceous-Eocene *1 
(125 to 50 Ma) 
L. Eocene-L. Miocene' 
(40 to 10 \ta) 
Maximum Likelihood 
Estimate 
1700 10000 
Lower and upper 95% 
confidence limits 
1300 - 2200 1100- >10000 
Fixed paleo-geothermal gradients 
5°C/km not allowed >10000 
10"C/1un not allowed 4400-5700 
15°C'/lan not allowed 2250-3150 
20°C'i'km not allowed 1250 -1750 
21 'Gkm --2200 2100-2700 
21.8°C/lan 2100± 50 1100 ± 150 
22°C1an 1950-2050 -1100 
25°C/1>-in -1200 )tot alloiied 
30'C/kn not allowed not allowed 
35'C/km not alloired not alloired 
40'C/un not alloired not allowed 
Table 4.6 Table showing differing exhumation amounts for each episode depending 
on the palaeogeothermal gradient. This research assumed that the palaeogeothermal 
gradient remained the same as the present geothermal gradient of 21.8°C/km. 
The results also disprove the conjecture of Barker and Pawlewicz (1987) that 
the palaeogeothermal gradient during the Oligo-Miocene (33-10 Ma) was as high as 
50°C/km. According Barker and Pawlewicz (1987), the high palaeogeothermal 
gradient was a consequence of associated higher heat flow due to igneous intrusions 
in the western Delaware Basin, and also an associated higher heat flow due to Basin 
and Range extension. AFTA results from this research show that during the Oligo- 
Miocene (33-10 Ma) the maximum palaeogeothermal gradient which could have 
been experienced was only as high as 22 °C/km. Therefore this research suggests that 
there was no high heat flow associated with the Basin and Range extension, and the 
igneous intrusions would have had only a localised thermal effect on the stratigraphy 
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that the intrusion was emplaced into. An example of localised heating due to an 
igneous intrusion in the western Delaware Basin can be seen in the well Homer 
Cowden Al, where an igneous sill is emplaced into the Morrow Formation of the 
Pennsylvanian (Figs 4.38 & 4.39). 
" Area affected by igneous intrusions 
40 Homer Cowden Al well 
Fig 4.38. Map of the Delaware Basin, highlighting the areas where igneous 
intrusions have been emplaced, and the location of the Homer Cowden Al well. 
One of Barker and Pawlewicz's (1987) pieces of evidence behind an 
increased palaeogeothermal gradient due to igneous intrusions in the western basin 
(Fig 4.38) was that the vitrinite reflectance (VR) in the west of the basin is 
significantly higher than in the east of the basin, i. e. the sediments appeared more 
thermally mature in the west (Fig 4.40). The apparent horizontal difference in VR 
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from east to west is a consequence of the western edge being more uplifted than the 
centre of the basin. If the VR data are plotted where each sample point reflects the 
stratigraphic unit it came from (Fig 4.40), then regardless of depth of burial VR 
results are similar for individual units. The one difference arises with VR results 
from the Morrow and Woodford formations in the Homer Cowden Al well, where 
the samples are more thermally mature than the stratigraphic equivalent in the centre 
of the basin. This is a consequence of the igneous sill that has been emplaced into the 
Morrow Formation in the vicinity of the Homer Cowden Al well (Fig 4.39). 
Guadalupian Mountains 
Homer Cowden Al well 
Igneous sill intrusion '1 
into the Morrow Formation 
of the Early Pennsylvanian 
Fig 4.39. Cross-section at the western edge of the basin showing the location of the 
Homer Cowden Al well and the sill intrusion into the Morrow Formation of the 
early Pennsylvanian System (Taken from West Texas Geological Society Publication 
94-79). 
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4.3.2 Constraining an accurate burial and tectonic history by 
qualification of stratigraphy 
By using AFTA, vitrinite reflectance data and shale compaction curves, a 
new burial history curve has been proposed in the results (sub-section 4.2.5 and Fig 
4.35). In this sub-section, the stratigraphy is analysed to consider whether the burial 
and tectonic history that is proposed is actually geologically plausible. 
AFTA results showed that the JE Haley 24-1 well experienced maximum 
burial around 55-50 Ma due to the additional burial by 6890 ft (2.1 km) of sediment 
above the Triassic unconformity. So what did this 6890 ft consist of? Working from 
the Triassic through to the end of the Palaeocene, depositional estimates will be 
made. These estimates are based on identifying the missing sedimentary units and 
then seeing if these units have been deposited elsewhere in the Delaware Basin, or 
the neighbouring Midland Basin or even further away in East Texas, and whether 
they can be correlated back to the Delaware Basin. A summary of Mesozoic and 
Cenozoic deposition is seen in Table 4.7. 
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4.3.2.1 Triassic 
Table 4.7 showed that there are only 250 ft (76 m) of preserved Triassic 
sediment in the JE Haley 24-1 well; however further to the east in the Midland Basin 
there are up to 1500 ft (500 m) (fig 4.41). 
West East 
Preserved Triassic in the JF Haley 24.1 well 
" 
Preserved Triassic in the Midland Basin 
There is also an unconformity on top of the Triassic in the Midland Basin, 
due to the whole basin being emergent during the Jurassic. Consequently the Triassic 
may have been thicker, perhaps by 500 ft (150 m) that would coincide with the 2000 
ft (600m) of preserved Triassic seen in North Texas. 
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Fig 4.41. Cross-section east to west across the Delaware Basin, the Central Basin 
Platform and the Midland Basin highlighting the preserved thickness of Triassic 
sediment. (Taken from the West Texas Geological Society Publication 84-79) 
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Assumption: 1750 ft (533 m) of sediment was deposited during the Triassic in the 
location of the JE Haley 24-1 well. 
Missing sediment accounted for: 1750 ft (533 m) of Triassic. 
Confidence: Based on preserved Triassic seen in the Midland Basin and in North 
Texas, and the Basin's proximity to a large sediment source of the Ouachita fold belt 
(Fig 4.42), 1750 ft of missing Triassic sediment is a likely scenario. 
Sierra Crnnde 
l! plift 
i 
ý 'i 
No% Nrxiao 
0 200 miles 
. Source areas for 
the Triassic 
Extent of Triassic 
deposition during 
the Triassic 
Delaware Basin 
the I ti issic 
Extent of Triassic 
deposition during 
the Triassic 
Oklahoma 
a 
JT 
/100/ 
Fig 4.42. Map showing the extent of Triassic deposition during the Triassic, with the 
major structural features highlighted that could have acted as a source of 
sedimentation (Adapted from Hill 1996). 
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4.3.2.2 Jurassic 
Hill (1996) and Hills (1984) suggested that West Texas was emergent during 
the Jurassic, with no Jurassic sediments recorded in the area. An unconformity 
between the Triassic and Early Cretaceous is evident across West Texas (Hill 1996). 
Without any further evidence, zero deposition of Jurassic sediment is assumed for 
this discussion. 
4.3.2.3 Lower Cretaceous 
In Texas, the Lower Cretaceous consists of the Trinity (oldest), 
Fredericksburg and Washita (youngest) Groups. Table 4.6 shows that no Lower 
Cretaceous is preserved in the JE Haley 24-1 well. The Lower Cretaceous is, 
however, preserved in the southern Delaware Basin in Pecos County, and in the Val 
Verde Basin with a total of 1250 ft (381 m) preserved. The presence of the Washita 
Group (although with an eroded surface) in Pecos County indicates that all of the 
Lower Cretaceous is accounted for in the 1250 ft (381 m). 
Assumption: 1250 ft (381m) of sediment was deposited during the Lower 
Cretaceous in the location of the JE Haley 24-1 well. 
Missing sediment accounted for: 3000 ft (914 m) of Lower Cretaceous and 
Triassic. 
Confidence: With the entire Lower Cretaceous preserved in the southern Delaware 
Basin (+/- 100ft due to an eroded top of the Washita Group), assuming this was 
extensive, the same thickness can be assumed for the JE Haley 24-1 well. 
4.3.2.4 Upper Cretaceous 
There is no evidence of any Upper Cretaceous ever being deposited in the 
Delaware Basin and only a few outcrops are seen larger Permian Basin (Fig 1.1 & 
Table 4.7). However, the lack of deposits could easily be explained due to uplift and 
erosion associated with the Laramide Orogeny. Therefore any value given to the 
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amount of Upper Cretaceous deposition would be a crude estimate. It will be based 
on the amount of preserved Upper Cretaceous seen in other mid state American 
basins, and also the remaining amount of sediment needed to total the 6890 ft (2.1 
km) required to explain maximum palaeotemperatures. The amount of missing 
Palaeocene will be estimated first. 
4.3.2.5 Palaeocene 
There is no Palaeocene recorded in West Texas, and so the estimation of 
missing Palaeocene sediment from the Delaware Basin is based purely on the 500ft 
(152m) of Palaeocene deposited in the East Texas basin, which stratigraphically lies 
on top of the Upper Cretaceous. 
Assumption: 500ft of sediment was deposited during the Palaeocene in the location 
of the JE Haley 24-1 well. 
Missing sediment accounted for: 3500ft (1066m) of Triassic, Lower Cretaceous 
and Palaeocene sediments. 
Confidence: The Palaeocene sediment seen in the East Texas basin lies directly on 
top of Upper Cretaceous and similar deposition could have occurred in the west (Fig 
4.43). 
4.3.2.6 Upper Cretaceous continued 
If maximum burial prior to the Laramide Orogeny 55 Ma was due to an 
additional 6890 ft (2.1 km) of sediment, and additional Triassic, Lower Cretaceous 
and Palaeocene may account for 3500 ft (1066 m) of this total, then the Upper 
Cretaceous would account for the difference, which is 3390 ft (1033 m). Is this large 
amount of Upper Cretaceous plausible for the Delaware Basin? 
In the East Texas Basin (Table 4.7, and Fig 4.43), there are up to 3000 ft (914 
m) of Upper Cretaceous sediments in the deepest part of the basin. Deposition of 
Upper Cretaceous in the Delaware may have been similar to, less than or more than 
that seen in the East Texas Basin, as it depends on amount of accommodation space 
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available, but it is plausible that approximately 3000 ft (914 m) of feet of sediment 
could have been deposited in the Delaware Basin. 
Further to the north in Colorado and Wyoming, most of the basins of the 
Rocky Mountain Region have large accumulations of Upper Cretaceous sediment. 
The Powder River Basin of Wyoming has up to 5000 ft of preserved Upper 
Cretaceous sediment (Heasler et al 1994), and there are over 8000 ft plus of 
preserved Upper Cretaceous sediments further south in the Denver Basin in Northern 
Colorado (Sutton et al 2004). The Anadarko Basin in Oklahoma, which was dealt 
with in some detail in chapter 3, has experienced anywhere between 1.5 km (4921 ft) 
and 3 km (9842 ft) of Cenozoic uplift (Lee and Demming 2002). Carter et al (1998) 
tried to constrain this value by analysing AFT data, vitrinite reflectance and heat 
flow data. They inferred that at least 1.5 km (4921 ft) of denudation has occurred 
since the early to mid Cenozoic with erosion commencing around 50 Ma. They 
suggested that the missing sediment was of Upper Cretaceous age. 
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The depositional environment of the Late Cretaceous was that of a large 
interior epicontinental seaway (Fig 4.44) which spread across the whole of the mid 
United States. The sea would have covered the area represented by the Delaware 
Basin (Fig 4.44), so it is logical to assume that deposition would have occurred in the 
basin as long as there was sufficient accommodation space. During the Late 
Cretaceous, the basins of the Rocky Mountain Region to the north of the Delaware 
Basin were subsiding at a considerable rate due to the emerging Rocky Mountains 
(Fig 4.45). The Denver Basin, for example, was subsiding by 80 m/My, and 
assuming that the Late Cretaceous lasted for approximately 30My, then almost 8000 
ft (2.4 km) of accommodation space would have been generated. Sloss (1988) did 
not include West Texas in the Late Cretaceous subsidence rate map (Fig 4.45), 
possibly because no Upper Cretaceous sediment is preserved and so it was assumed 
that the area never had any deposition of Upper Cretaceous age sediment and that no 
subsidence had occurred. However, if West Texas had experienced Late Cretaceous 
subsidence at a rate of 20-30 m/My, which is similar to the basins on the periphery of 
the map in the states of Kansas and Nebraska, then up to 3000 ft (900 m) of 
accommodation space would have been generated. 
Assumption: 3390 ft (1033 m) of sediment was deposited during the Late 
Cretaceous in the location of the JE Haley 24-1 well 
Missing sediment accounted for: 6890 ft (2.1 km) of Triassic, Cretaceous and 
Palaeocene sediments. 
Confidence: There is up to 3000 ft (-1 km), of Upper Cretaceous sediment seen in 
the East Texas Basin, and further to the north in Colorado, large accumulations of 
5000 ft plus (1.5 km) are preserved. It is possible that the Late Cretaceous seaway 
deposited 3390 ft of sediment in the Delaware Basin. 
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4.3.3 When was the basin tilted? 
The last area of discussion focuses on the uncertainty in the literature 
surrounding the origin of the tilt of the basin. Gregory & Chase (1992) and Hill 
(1996) concluded that all the tilt and subsequent uplift of the western edge is 
attributable to the Laramide compression, whereas Horak (1985) and Barker & 
Pawlewicz (1987) suggested that half of the 7500 ft (2.2 km) of overall flank uplift is 
due to Laramide compression and half is due to the Basin and Range event. 
Shale compaction curves for three wells (Fig 4.45) in the Delaware Basin are 
used here to distinguish the two uplift events, and to determine which event tilted the 
basin. In sub-section 4.2.4.1, three distinct normal compaction curves were identified 
for the JE Haley 24-1 well, where each represented a phase of the well's burial 
history: present day normal compaction, normal compaction after the Laramide 
uplift, and normal compaction at maximum burial prior to Laramide uplift. The other 
wells here for comparison with the JE Haley 24-1 well are the Wigins Orla well in 
Culberson County on the western edge of the basin and the Weatherby well in Pecos 
County. The Wigins Orla well is used as a comparison because it is located on the 
western edge of the basin and this has experienced more uplift (-'2300 ft) than the JE 
Haley 24-1 well due to the tilt of the basin. The Weatherby well in Pecos County is 
used because stratigraphic units are at the same depths as in the JE Haley 24-1 well, 
although it is over 100 miles further to the southwest and Lower Cretaceous strata is 
preserved in the section. 
Prior to any uplift event, it is assumed that strata in all wells were at 
maximum burial (-55 Ma) and all horizons in the basin were horizontal. To simulate 
maximum burial for the JE Haley 24-1 and Weatherby wells, they are buried by an 
additional 6890 ft (2.1 km) of sediment. To estimate maximum burial for the Wigins 
Orla well, the extra uplift due to tilt (-2300 ft) is added to the 6890 ft of missing 
sediment already calculated. For all wells when the present day compaction curve 
(blue) is moved down to maximum burial (red curve in Fig's 4.46 & 4.47), the Upper 
Permian Delaware Group shows evidence for being normally compacted at that 
depth. Note that the Delaware Group does contain a large proportion of calcite, 
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making its normal compaction curve shift to the right, which is especially evident in 
the Weatherby well. If the compaction curve in the Bone Spring for each well is 
representative of normal compaction after the Laramide orogeny (55-50 Ma), then by 
shifting the curve vertically so that the Bone Spring compaction curve is in line with 
the assigned normal compaction curve (green curve in Fig's 4.46 & 4.47), an 
indication of the amount of Laramide uplift can be estimated. 
Fig 4.45. Location map showing the wells Wigins Orla, Weatherby and JE Haley 24- 
1. Depth contours of the top Wolfcampian Series are shown to give an indication of 
the tilt of the basin to the east, where the top of the Wolfcampian Series for in the 
Wigins Orla well is 2000 ft (-600 m) higher. 
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Fig 4.47. Shale compaction curve for the Weatherby well. As with the compaction 
curves in Fig 4.47, three distinct normal compaction curves can be recognised in the 
section, which coincide with compaction at maximum burial, then after Laramide 
uplift, and at present day. 
For all three wells, the amount of uplift needed from maximum burial so that 
the compaction curve in the Bone Spring Formation falls on to the normal shale 
compaction curve, is identical (3890ft or 2. lkm). This suggests that the Laramide 
uplift (55-50 Ma) event had an equal effect on the whole basin, and did not tilt the 
basin, which now must be an effect of the later Basin and Range tectonic event (25- 
10 Ma). 
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4.4 Conclusions 
" Sediments in the Delaware Basin experienced greater temperatures than at 
present day due to greater burial. There were also two cooling events due to 
uplift, which coincided with the Laramide Orogeny (55-50 Ma) and the Basin 
and Range Event (25-10 Ma). 
" Assuming a palaeogeothermal gradient of 21.8 °C/km, then maximum burial 
occurred prior to the Laramide event due to an additional load of 6890ft 
(2.1 km), above the Triassic unconformity, as concluded from AFTA and 
vitrinite reflectance. The additional load comprised estimated thicknesses of. 
o 1750 ft (500m) of Upper Triassic 
o 1250 ft (400 m) of Lower Cretaceous 
o 3390 ft (1 km) of Upper Cretaceous 
o 500 ft (150 m) of Palaeocene 
" The Laramide then uplifted the section by 3890 ft (2.1 km). Shale compaction 
plots show that the Laramide episode affected the whole basin equally and 
did not tilt the basin to the east. 
" During the Eocene and Oligocene, the basin then subsided by 600 ft (180 m). 
" The Basin and Range event (25-10 Ma) as deciphered from AFTA then 
uplifted the basin by a final 3600 ft (1.1 km). 
150 
Chapter 5: 
Wireline Data and its Signatures: A Qualitative 
and a Quantitative Tool for Understanding 
Sediment Compaction in the Delaware Basin 
Tom Sinclair 
5.1 Introduction 
Chapter 5: Wireline Analysis 
The Delaware Basin is overpressured (chapter 3), with excess pore pressure 
of 6000 psi (41 MPa) in some parts of the basin. The overpressure is confined to an 
isolated section of the basin, with the top of the overpressure in the Early Permian 
Wolfcampian Formation. The underlying Mississippian and Pennsylvanian 
Formations also are overpressured. However, the rocks below this interval are 
normally pressured. 
The overpressure is known from direct pressure measurements and from the 
mud weights used during drilling. All the pore pressures measured in the Delaware 
Basin were from Drill Stem Tests (DSTs). The DST is a relatively reliable method to 
determine pore fluid pressures; however, one drawback is that DSTs are only used in 
porous lithologies, i. e. when a reservoir horizon is encountered while drilling, as the 
test relies upon fluid flow from the formation into the borehole. It is often assumed 
that mudrocks in the section have pore pressures, equal or similar, to the reservoir 
section directly above or below the mudrock interval. In a clastic dominated basin, 
where mudrock intervals are sparse thin horizons within thick coarse clastic units, 
measuring the pore pressures exclusively in the coarse clastic horizons would give an 
accurate reading of the basin's pressure profile. However, the Delaware Basin is 
between 60 and 70% mudrock dominated, and the isolated overpressured unit is over 
7000 ft (2.1 km) thick and 90% mudrock dominated in some parts of the basin. This 
poses the need for caution when interpreting pore pressure data from DSTs in the 
basin. 
This chapter describes how wireline logs have been used in a quantitative and 
a qualitative approach to analyse the pore pressures in the mudrocks in the Delaware 
Basin. The results are compared to the actual pore pressures measured by the DSTs, 
to check whether wireline logs can be used as a tool for estimating pore pressures. In 
addition, the mechanism generating the overpressure is investigated using methods 
suggested by Bowers (2001) and later adapted by Hoesni (2004). 
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5.1.1 Data 
Chapter 5: Wireline Analysis 
This study has analysed over 600 wells in the Delaware, Midland and Val 
Verde Basin, of which only 23 wells had digital wireline data available (Fig 5.1). 
The following wireline logs were analysed for this study: 
0 Porosity tools 
o Sonic 
o Density 
o Neutron 
o Resistivity 
" Gamma ray log 
" Caliper log 
9 Photoelectric factor log 
The sonic and gamma ray tools were run in all 23 wells, but the density, 
resistivity and neutron tools were run in only a few wells. For this reason, the sonic 
log is the main tool that is used in this study to represent the porosity of the 
sediments. 
The gamma ray log was used to identify shale horizons within the basin, 
where a gamma ray value of 45 API was used as the cut-off between sand and a 
mudstone. This value was based on known sandstone horizons within the basin that 
recorded average gamma ray values of no more than 45 API. 
The JE Haley 24-1 well had the most extensive wireline suite, which was in 
digital and paper format. This well was used as the type well to distinguish the 
lithologies in the basin, where neutron-density cross-plots and photoelectric factor 
logs were used to distinguish between non-mudstone lithologies. 
All the wireline logs in this chapter are analysed using `Presgraf, ,a pore 
pressure prediction software program developed by Traugott (1999) and licensed to 
Durham University by BP. The software utilises digital logs that have the LAS 
format. 
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5.1.1.1 Controls on Data Quality 
Borehole Diameter 
Chapter 5: Wireline Analysis 
Before density points can be analysed, it is essential to look at the caliper log. The 
caliper log shows the diameter of the borehole while drilling, and can be used for two 
main purposes. The caliper log can be used to see where the casing was set for the 
well, i. e. the depth at which there is a decrease in the caliper. On a more local scale, 
the caliper log is used to pick up zones in the well where there are washed out zones 
or mud cake build up. The density log is strongly influenced by borehole size such 
that where the borehole is enlarged the density tool records lower than expected 
values (Fig 5.2). 
Hale 24-1 
c Zen, 
12500 
20 
r12700 0 120 feet 1828 GR Density Fig 5.2. A gamma ray and density plot from 12450 ft - 12800 ft from the Hill Halley 24-1 well. From 12450ft - 12730 ft, the casing in the well is 13inches as shown by the caliper log. At the three circled locations, the caliper drastically increases, which coincides with a marked fall in the density. The tools are responding to a cave in the 
well. 
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Drilling Fluid 
Chapter 5: Wireline Analysis 
The density tool has a shallow depth of investigation. Most of the density 
response originates from within 13cm of the tool (Rider 1996). Therefore density is 
recorded predominantly from the invaded zone. This is an important consideration 
when the drilling fluid is changed to a higher density drilling mud, such as if barite is 
added. If this higher density mud infiltrates the invaded zone, then recorded density 
will be higher (Fig 5.3). The drilling fluid also affects resistivity logs, as an oil-based 
mud will be highly resistive, while a saltwater-based mud would be highly 
conductive. Therefore, it is best to analyse a deep resistivity tool, as it measures more 
closely the true conductivity of the formation water in the uninvaded zone. 
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Fig 5.3. Sonic (24-1. Dt) and density (24-1. Rho) plots with depth for the Hill Haley 
24-1 well in Loving County. The density values have been converted to travel-time, 
to enable comparison with the sonic log. While drilling the JE Haley 24-1 well, there 
was a change from water-based muds to a higher density mud at 12856 ft. At this 
depth, the density log response increases as a response to the higher density of oil- 
based drilling mud. 
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5.2 Pore pressure prediction from wireline logs 
Chapter 3 introduced the term effective stress, which is the grain-to-grain 
contact stress of a rock under burial. Compaction and porosity loss of a compressible 
sediment is controlled by compressive stresses (vertical and horizontal). Porosity is 
therefore influenced by the effective stress, where an increase in the effective stress 
due to overburden decreases the pore space of a sediment as pore fluid is expelled. 
If a section experiences overpressure due to disequilibrium compaction (sub- 
section 3.2.2.2), then the pore pressure is greater than the hydrostatic pressure due to 
unexpelled water reducing the grain-to-grain contact stress. When no water can 
escape, the grain-to-grain contact stress remains the same, so the effective stress is 
constant, and the pore pressure depth profile is parallel to the overburden stress/depth 
profile (Fig 5.4). This is the principle behind a quantitative approach of pore pressure 
prediction from wireline logs, where pore pressure in an overpressured section is 
predicted using the log calculated porosity, and its deviation vertically or 
horizontally from the normal compaction curve. There are two methods, the Eaton 
Ratio Method and the Equivalent Depth Method (Fig 5.5). 
The Equivalent Depth Method (Hoffmann & Johnson 1965) is deterministic and 
relies on the assumption that shales of equal porosity and similar composition have 
been subjected to the same maximum vertical effective stress, regardless of their 
burial depth. This assumption is valid if overpressure was generated by 
disequilibrium compaction. The Equivalent Depth Method has also been referred to 
as the vertical method, as in this method; it is assumed that the vertical projection of 
an overpressured unit to the normal compaction curve corresponds to a line of 
constant porosity and constant effective stress (Fig 5.5). Therefore the overpressured 
unit has a porosity equivalent to the unit at the depth directly above on the normal 
compaction curve. From the acquired equivalent depth porosity, the effective stress 
can then be worked out using Rubey & Hubbert's equation (1959): 
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6v =1 /ß 1 n((Do/(DdT) 
where: 
6v = vertical effective stress, 
(S. 1) 
= empirical constant derived from the compaction trend (compaction 
coefficient), 
(Do = surface porosity, and 
(DdT = sonic derived porosity. 
The pore pressure is then worked out using Terzaghi's Law: (5.2) 
Pf=Sv-av 
where: 
Pf = pore fluid pressure, 
Sv = lithostatic pressure or overburden, and 
6v = vertical effective stress. 
The Eaton Ratio Method is empirical and uses the ratio of the observed log 
porosity value and the expected log porosity value for a normally pressured rock to 
determine pore pressure at the same depth. This method is also known as the 
horizontal method, as the measured value and the value taken for normally pressured 
are taken at the same depth (Fig 5.5). This method commonly uses sonic travel time, 
resistivity or seismic interval velocity data. The equation can be summarised for 
travel time below. For resistivity or velocity data, substitute (dTn / dT) by (Vn / V) 
or (Rn / R) respectively. 
Pp = POB - (POB - Pn)(dTn/dT)EE (5.3) 
where 
Pp = predicted pore pressure gradient, 
POB = overburden gradient, 
Pn = normal (hydrostatic) pore pressure gradient, 
dTn = normal sonic travel time, 
dT = observed sonic travel time, and 
EE = Eaton exponent (sonic =3; resistivity =1.2; velocity =3). 
Chapter 5: Wireline Analysis 
158 
0 a 
Y Aaýeýý c ý' 
dC°StAýý N 
0, Jq'L 
U 
U +' ti 
OO 
-Z ci 
O 
U C) 
C) U 
CU w 
3w 
wo 
bÜ 
CC) O 
r. + 
4) 
= 'C 
C 
eJ O 
cý. b C) U 
ý F. 
.. U 
4""O 
OU 
UN 
ZS 
Ü LZ 
cý 
U 
&O- 
U0 
C3 
3: 
cu o= 
U N 
3'-. 2 
Z 
C) 
äC 
e, "0 
N 
[ý Ö 
v ý 
C 
.ý O 
eý 
C 
O 
eý 
Gý7 
Q 
yjdav 
A 
.r 
0 
i.. 
A0 
gjdaa 
0 
tC 
OCU 
0O 
ÖO 
Üb L^ 
Cý U 
OOý 
O -d 
U 
NU vi 
CC . rn 
N 
ÜU 
G¢i O 
QU. 
>O° 
UU 
CC 
OO 
F" "in Q) 
Ö 
C) 
r 
> 
C) ÜÖ 
4 
ca 
Q. Q 
°' ä0 
Q, 
0 
"U 
co 
UU 
Lin > 
0. 
O 
U 
OI0 
Tom Sinclair Chapter 5: Wireline Analysis 
5.2.1 Factors affecting pore pressure prediction 
Predicting pore pressure from wireline logs, is highly dependent on the 
selection of a number of parameters and processing methods. These critical factors 
are briefly discussed in this sub-chapter making the reader aware of the constraints 
on using pore pressure prediction methods. 
5.2.1.1 Normal compaction 
Both the Equivalent Depth Method, and the Eaton Ratio Method are reliant 
on an accurate normal compaction curve for the shales of the basin if pore pressures 
are to be determined by these methods. Chapter 4 (sub-section 4.2.4) dealt with shale 
compaction curves in the Delaware Basin and in the JE Haley 24-1 well, this study 
has suggested that the Mid Permian shales of the Bone Spring 3 `d Sand Formation are 
normally compacted at present day. Through the use of mercury injection 
porosimetry analysis on shales of the Bone Spring 3`d Sand Formation, a porosity 
value of 10% can be assigned to these shales to aid in calibration. A porosity-depth 
profile can be produced within the software `presgraf, , which is based on Hubbert & 
Rubey's relationship (Equation 4.3) (Fig 5.6). Due to a lack of data, an initial starting 
porosity of 60% is assumed for the equation, which is a good default value for the 
initial porosity of mudstones if the true value is unknown. Within presgraf, the 
compaction coefficient is a variable between 4000 - 7000. A value of 5200 was used 
to create the compaction curve (Heppard, P., pens comm. ). 
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Fig 5.6. Shale compaction curve for the JE Haley 24-1 well. `The Presgraf assigned 
normal compaction curve (based on Hubbert and Rubey's (1959) compaction 
relationship), is indicating that the shales of the Bone Spring 3rd Sand Unit are 
normally compacted at present day. 
Assigning normal compaction curves to mudstones within Palaeozoic basins 
can create a degree of uncertainty regards accuracy. 
5.2.1.1.1 Uplift 
In chapter 4 it was concluded that the Delaware Basin underwent significant 
uplift and erosion during the Cenozoic. Following uplift, the sediments may no 
longer be at their maximum effective stress, and for this reason it has been suggested 
that porosity depth curves should not be made in uplifted areas due to the 
inaccuracies involved (Giles et al 1998). Uplift in the Delaware Basin has had an 
influence on the shale compaction curves (Fig 5.6), because the Delaware Group and 
the Upper Bone Spring Formations display porosity values less than expected for the 
present day depth of burial. 
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This study, however, suggests that the pore pressure system in the Delaware 
Basin is dynamic rather static, and at present day certain mudstone beds (Bone 
Spring 3 Id Sand in the JE Haley 24-1 well) have dewatered and equilibrated back to 
hydrostatic pressure and normal compaction. It is these horizons that the normal 
compaction curves are based upon for the pore pressure prediction methods. 
5.2.1.1.2 Heterogeneity of sediments 
Another consideration is that for the pore pressure prediction methods, a 
single normal compaction curve is assumed for the whole mudstone sequence, which 
is making the assumption that the mudstone sequence is homogenous. In reality, the 
porosity-depth curve for one mudstone sequence of Devonian age is likely to be very 
different to the porosity-depth curve of mudstones from the Late Permian. This is 
highlighted by the large variation of published porosity depth curves (Chilingarian 
1974) (refer to Fig 4.30). Dzevanshir et al (1986) suggested lithology, mineralogy, 
sorting, and amount and nature of the cement will have an impact on the trend of the 
curve. Yang & Aplin (2004) suggested that the clay fraction of the mudstone is the 
dominant control on the compaction profile. 
This study suggested in chapter 4 (sub-section 4.2.4.1 and Figs 4.33 & 4.34) 
that the mudstones of the Delaware Group in the JE Haley 24-1 well (Fig 5.6) appear 
to have low porosity for their present depth of burial as a consequence of both 
Cenozoic uplift and calcite cement that makes up 20% of the matrix. 
For the mudstones below the normally compacted Bone Spring 3`d Sand 
Formation of the JE Haley 24-1 well in the Delaware Basin, the recorded porosity 
from the sonic log is a response to the overpressure in the basin, which masks any 
normal compaction curves. Therefore the assumption that the overlying normally 
compacted sediments have the same porosity depth relationship as the overpressured 
mudstones has been applied for this study. It is applied reluctantly as this is unlikely 
to be the case, however, without the relevant data, it is the simplest assumption to 
make. 
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5.2.1.2 Non-mechanical compaction 
The Equivalent Depth Method, and the Eaton Ratio Method only work if the 
mudstone is normally compacted or undercompacted for its depth of burial. In cases 
where porosity has been destroyed by chemical processes following normal 
compaction, or effective stress has been reduced by fluid expansion mechanisms, 
then pore pressure prediction methods will not provide reliable estimates of the pore 
pressure, but will underestimate it. By using velocity-density cross-plots, the 
distinction between mechanical compaction related porosity and effective stress 
reduction through unloading can be made (Bowers 2001), and will be discussed in 
sub-section 5.3. 
5.2.1.3 Other parameters 
Other factors are also likely to influence pore pressure prediction methods, 
but detailed evaluation of their control on the Delaware Basin was beyond the scope 
of this study. 
Goulty (2004) suggested that using porosity-vertical effective stress 
relationships in a compressional basin may result in the underestimation of pore 
pressure. 
According Giles (1998), high temperature may also have an effect on the 
wireline properties, but the effect of high temperature is greater in young basins 
where the sediments have immature mineralogies. Hoesni (2004) found that a high 
geothermal gradient had an effect on the porosity of sandstones in the Malay Basin 
Indonesia. However, the effect on mudstones in the basin was not investigated. 
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5.2.2 Results of pore pressure prediction 
The Equivalent Depth Method, and the Eaton Ratio Method were applied to 
eleven wells in the Delaware Basin, providing a comprehensive spread across the 
basin (Fig 5.1): 
" Eddy County: 42 Poker Lake well 
" Loving County: Hill Haley 1 a; Harrison 10; and the Texas Bend well 
" Winkler County: Lineberry Evelyn well 
" Reeves County: Worsham Unit 1; R Cleveland eta] 2; and the Wigins Orla 
well 
" Pecos County: Weatherby; Jo Neal 43; and the Palmer well 
The wells were chosen where a normal compaction curve could be assigned 
to each well. 
The sonic log was used for analysis, as it was the one porosity wireline tool 
that was used in all the wells. The sonic log is also accurately responsive towards 
zones of overpressure in the basin. The density log was run in the Hill Haley 1a well; 
however, as already illustrated, the density log is sensitive to drilling fluid (Fig 5.3), 
and so was not analysed in this study. 
All result plots have the same key, where pore pressure estimation from the 
Equivalent Depth Method is a straw-coloured curve (. D43), and from the Eaton Ratio 
Method, a blue curve (D. 46). The pore pressure data points were obtained from 
DSTs from the well being analysed, or from other wells located within close 
proximity to that well. The name of the well and the formation where the pressure 
data were obtained is listed in the key. 
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The results from the pore pressure prediction are summarised below in table 5.1. 
Formation Location Pressure predicted 
= Mechanical 
compaction 
Pressure 
underpredicted 
= Unloading 
Early Permian: 
Wolfcampian Series Eddy County 
Winkler County 
Reeves County J J 
Pecos County J J J J 
Pennsylvanian 
System: 
Cisco Formation Loving County J J 
Reeves County J J J 
Pecos County 
Strawn Formation Loving County J J 
Reeves County 
Pecos County J J 
Atoka Formation Eddy County 
Winkler County J J 
Loving County JJ J J 
Reeves County J J 
Morrow Formation Eddy County 
Loving County J J J 
Reeves County J J .J 
Pecos County 
Mississippian Pecos County 
Devonian Reeves County J J 
Pecos County J J 
Table 5.1. A summary of the results from the pore pressure prediction analysis. The 
number of ticks equals the number of true formation pore pressure readings taken 
from DST readings from wells 
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The results (Figs 5.7 & 5.8, and Table 5.1) from the pore pressure prediction 
analysis using the Equivalent Depth Method (EDM) and the Eaton Ratio Method on 
sonic logs thought the Delaware Basin, first of all show that the EDM and the Eaton 
method provide very similar pore pressure predictions to each other. The one 
difference is for sediments that are overcompacted for their present depth of burial, 
for example the mudstones of the Upper Bone Spring Formation (refer to Fig 5.6). In 
this case, the Eaton method predicts that the pore pressures are below hydrostatic, i. e. 
they are underpressured, whereas the EDM predicts that the pore pressures are 
hydrostatic (Fig 5.7 No. 2). It is known that, in the Delaware basin, the mudstones of 
the Upper Bone Spring Formation are actually hydrostatically pressured at present 
day (Webster. R. W., pens comm). 
Mechanical Compaction 
The results also show that both methods accurately predict the pore pressure 
in a number of wells. The Atoka and Morrow Formations of the Pennsylvanian 
System, for example, have 19 true formation pressure readings taken from DSTs in a 
number of wells, and each value is accurately predicted from the two methods. This 
suggests that these two formations are undercompacted as a response to loading, i. e. 
disequilibrium compaction. 
Other formations pressures (in the Wolfcampian, Cisco and Strawn 
Formations) are also accurately predicted by the methods, suggesting that 
overpressure in these wells is a consequence of disequilibrium compaction, where 
mechanical compaction has been halted. 
Evidence for unloading 
There are also some results where both methods underpredict pore pressures. 
This is seen particularly in the Devonian, Mississippian Limestone and the Strawn 
Formation. Some pore pressures of the Wolfcampian are also underpredicted in some 
areas of the basin (Eddy, Winkler and Pecos County). As mentioned in sub-section 
5.2.1.2, the EDM and Eaton method only accurately predict pore pressures, if the 
mudstone is normally compacted or undercompacted for its depth of burial. In cases 
where porosity has been destroyed by chemical processes following normal 
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compaction, or effective stress has been reduced by fluid expansion mechanisms, 
then pore pressure prediction methods will not provide a reliable estimation of the 
pore pressure, and will underestimate the pore pressure. 
These results subsequently may be showing evidence of unloading 
mechanisms occurring in the basin. Velocity / density cross-plots will provide further 
evidence as to the existence of unloading processes and will be dealt with in the next 
sub-section. 
5.3. Mechanism for overpressure generation 
Discrepancies between the predicted pore pressures using the EDM and Eaton 
method and the measured formation pressures have been used as an indication of 
additional pressuring mechanisms other than disequilibrium compaction (Hart et al 
1995; Mudford 1988). Bowers (2001) and Bowers & Katsube (2002) suggested a 
method involving velocity-density cross-plots to differentiate between overpressure 
generated by disequilibrium compaction and unloading processes. 
5.3.1 Methodology behind velocity / densi cross-plots 
The sonic, resistivity, neutron and density logs are used to give an indication 
of a formation's porosity. However, in some basins throughout the world, the sonic 
and resistivity log give a response to zones of overpressure, whereas the density and 
neutron logs do not (Hermanrud et al 1998; Bowers 2002). Hermanrud et al (1998) 
investigated the sensitivity of sonic, resistivity, neutron and density logs to 
overpressure in the Haltenbanken area of offshore Norway. The same unit of shale 
was tracked over 28 wells, where its pore pressure ranged from normal to relatively 
highly overpressured (>3000psi or 20 MPa). They noticed no significant change in 
the density or neutron log response between the normal and overpressured zones, 
whereas the resistivity and the sonic logs showed a marked decrease when entering 
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the overpressured zone (Fig 5.9). Because the shales were from similar depths and 
exhibited little lateral variation, Hermanrud et al (1998) ruled out diagenesis as a 
possible cause. 
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Fig. 5.9. Sonic, density and resistivity data from the Not formation in Haltenbanken, 
offshore Norway (Hermanrud et al 1998). The velocity and resistivity data are 
showing responses to high overpressure, whereas density data increases with depth 
regardless of pore pressure change. 
It has been proposed by Katsube et al (1992) that rock pore structures are a 
combination of relatively large high aspect ratio storage pores, which are linked 
together by a network of smaller, lower aspect ratio connecting pores. The 
contribution of storage and connecting pores to the bulk properties of the rock are 
weighted equally, in the density and neutron log responses. The sonic and resistivity 
logs, however, are sensitive to the transport properties of a rock, and in relation to the 
storage and connecting pores, the effect of the connecting pores is more dominant. 
Bowers and Katsube (2002) proposed that the difference between the 
transport properties (sonic and resistivity) and the bulk properties (density and 
neutron) of the rock to overpressure can be explained by this storage pore/connecting 
pore model. 
Where overpressure is generated by disequilibrium compaction, the effect is 
the slowing down or halting of the compaction process, it cannot cause effective 
stress reduction. The slowing down of compaction will have the same effect on the 
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connecting pores as well as the storage pores, therefore the bulk and transport 
properties will respond equally. Hence the density log will have the same trend as the 
sonic or resistivity log. 
Bowers and Katsube (2002) found out that connecting pores are mechanically 
flexible and are capable of elastic rebound, whereas any volume reduction in storage 
pores tends to be permanent. Therefore where effective stress is reduced by the 
overpressure generation mechanism of fluid volume increase, the connecting pores 
widen due to their flexibility, but the storage pores remain unchanged. The transport 
properties (sonic and resistivity) of the rock thus respond to the widening of the 
connecting pores, whereas the bulk properties (density and neutron) remain 
unchanged. The mismatch between sonic and density recorded in the mudstones of 
the Haltenbanken area of offshore Norway (Hermanrud et al 1998) (Fig 5.9) was 
attributed to fluid expansion mechanisms. 
Fig 5.10 can be used to interpret velocity / density cross-plots, where four 
mechanisms can be identified from the trends. If the sediment is normally compacted 
or overpressured as a consequence of disequilibrium compaction, then the trend of 
the data will follow the published trend lines (Bowers 2001). Lithology changes are 
characterised by a shift to the left (sandy) and right (clay rich) relative to the trend 
lines. Unloading can be recognised by a near vertical trend in the data, where 
velocity decreases and density remains constant (Bowers 2001). Where chemical 
compaction or clay diagenesis has occurred, then trend shows increasing density with 
almost constant velocity (Hoesni 2004). A hybrid trend of moderately decreasing 
velocity with increasing density has been recognised by Lahann (2002), and is 
suggested by Hoesni (2004) to be a consequence of combination of chemical 
compaction and unloading effects. 
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Hoesni 2004). 
5 . 
3.2. Results of velocity / densi cross-plots for the Delaware 
Basin 
Velocity / density cross-plots were constructed for three wells (Hill Haley 1 a; 
Worsham Unit 1; Harrison 10 well) in the Delaware Basin, and interpreted based on 
the work by Bowers and Katsube (2002) and Hoesni (2004). Only three wells were 
analysed due to the lack of density logs for wells in this study. These three wells 
were earlier analysed by pore pressure estimation methods (sub-section 5.2.2), where 
the true pore pressures in the Hill Haley 1a well were accurately predicted in the 
Morrow Formation of the Pennsylvanian System, suggesting overpressure was 
generated as a consequence of disequilibrium compaction. In the Worsham Unit 1 
well and the Harrison 10 well, the pore pressures were underpredicted in the Strawn 
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Formation of the Pennsylvanian System, suggesting unloading mechanisms may be 
the cause. 
The pore pressures of the Devonian and the Mississippian Limestone 
Formations were also underpredicted in some wells; however, in no wells were both 
the density and the sonic log run through these two formations, meaning that velocity 
/ density cross-plots could not be constructed to aid in the understanding of why he 
pore pressures were underpredicted. 
Hill Haley 1a well 
Velocity / density cross-plots were run through the Atoka, Morrow, and Barnett 
Formation of the Hill Haley 1a well. Earlier pore pressure prediction methods 
accurately predicted the pore pressure of the Morrow Formation. 
Velocity I density plot through the Atoka, Morrow and Barnett Formation of the Hill Haley la well 
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The results for the Hill Haley 1a well show that although the plot of the 
Morrow Formation is quite sporadic, the general trend suggests a compaction trend 
as a result of overburden. The Morrow Formation is overpressured in this section and 
so the results suggest disequilibrium compaction as the mechanism behind 
overpressure. The overlying and underlying Atoka and Barnett Formations 
respectively also display compaction as a result of mechanical processes. These 
results are in agreement to the pore pressure prediction results of the Morrow 
Formation in the Hill Haley 1a well (Fig 5.7 No. 2), where the methods were 
accurately predicting the overpressure in the Morrow Formation, indicating that the 
overpressure was a consequence of disequilibrium compaction. 
Harrison 10 well 
Velocity / density cross-plots were created for the Cisco Formation and Strawn 
Formation of the Harrison 10 well. Earlier pore pressure predicting methods were 
underpredicting the overpressure in this zone. 
Velocity / density cross plot for the Cisco and Strawn Fomration of the Harrison 10 
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The results for the Harrison 10 well show a trend suggesting a hybrid 
combination of unloading and chemical compaction in the transition between the 
Cisco Formation and the Strawn Formation. This is in agreement with the pore 
pressure prediction result for the Harrison 10 well (Fig 5.7 No. 3), where the 
methods were underpredicting the overpressure in the Strawn Formation, which 
could suggest that the pore pressure was a consequence of unloading. In conclusion 
based on both these sets of results, the Strawn Formation in the Harrison 10 well is 
indicating evidence of unloading. 
Worsham Unit 1 well 
Velocity / density cross-plots were created for the Strawn Formation of the Worsham 
Unit 1 well. Earlier pore pressure predicting methods were underpredicting the 
overpressure in this zone. 
Velocity / density cross plot of the Strawn Fomration in the Worsham Unit 1 well 
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Fig 5.13. Velocity / density cross-plot for the Worsham Unit I well. 
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The results from the Worsham Unit 1 well, show evidence of unloading in the 
Strawn Formation. This unloading pattern is on a small scale (- 50 ft or 15m), but 
the depth corresponds exactly to the overpressure reading that was being 
underpredicted by the Equivalent Depth Mehtod and the Eaton Ratio Method (Fig 
5.8 No. 7), and to a peak of high porosity as represented by the sonic compaction 
curve (Fig 5.14). 
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Fig 5.14. Shale compaction curve of the Worsham Unit 1 well using sonic travel 
time data from the well. A peak of high travel time (i. e. porosity) is seen around 
15500 ft, which corresponds to a high overpressure reading (Fig 5.8 No. 7). This 
zone is also showing evidence of unloading (Fig 5.13). 
This study suggests that this horizon may be a reservoir horizon where unloading 
processes are occurring such as gas generation through oil to gas cracking, gas 
expansion on uplift or lateral transfer. 
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5.4 Discussion: Application of sonic logs in pore 
pressure analysis 
Sonic logs are recognised as a useful tool for the analysis of pore pressure in 
a basin. Previous work has used sonic logs to predict pore pressure (Harrold et al 
1999; Ruth & Hillis 2000; Hoesni 2004), or has used velocity data from sonic logs in 
combination with density data to analyse the mechanism of pore pressure generation 
(Hermanrud et al 1998; Bowers & Katsube 2002; Hoesni 2004), or has used the 
sonic response to recognise the onset of overpressure in a well (Carlin & Dainelli 
1998; Heppard et al 1998; Hoesni 2004). With the exception of Ruth and Hillis 
(2000), whose work was conducted in the Permian Cooper Basin of South Australia, 
the use of sonic logs to understand pore pressure is predominantly undertaken in 
`young' Tertiary basins, where the sedimentary fill is homogeneous, and 
overpressure has been generated through disequilibrium compaction. However, the 
results of this study have shown that the sonic log can be a useful pore pressure 
analysis tool in Palaeozoic heterogeneous aged shales of the Delaware Basin. This is 
dependent on an accurate assignment of a present day normal compaction curve that 
is complicated by the complex burial and tectonic history of the basin; the shales are 
not currently at their maximum effective stress. 
5.4.1 Evidence for pore pressure dewatering 
The results from this chapter have shown that sonic logs respond accurately 
to pore pressure change where overpressure was generated by disequilibrium 
compaction and compaction is controlled by vertical stress. Then interpretation of the 
shale compaction trend based on sonic logs can give an indication of the present day 
overpressure pattern (Fig 5.15). In chapter 4 it has already been suggested that the 
present day shale compaction curve shows evidence for palaeo-normal compaction 
curves within the Delaware Group and the Upper Bone Spring Formation. These 
trends are overcompaction trends at their present day depths of burial and represent 
phases in the basin's burial history when these units were normally compacted. The 
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Delaware Group was normally compacted 55 Ma when the basin was at maximum 
burial, and the palaeo-normal compaction curve of the Upper Bone Spring Formation 
represents a period of quiescence after the Laramide uplift (55-50 Ma) (Fig 5.15). 
These palaeo-normal compaction curves suggest that since maximum burial the basin 
has been attempting to reach pressure equilibrium, with certain horizons being able 
to dewater at different stages of the basin's history, hence showing that the pressure 
system in the basin is dynamic compared to static. Interpretation of the overpressured 
section from the compaction curve suggests that dewatering is still occurring at the 
present day (Fig 5.15). 
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Further analysis of the dewatering pattern shows that the high peaks of sonic 
velocity correspond to carbonate horizons in the basin (Fig 5.16). These carbonate 
beds have low sonic travel time readings of around 50 µs/ft which equates to a 
porosity of about 2-3 %, indicating that they may be tight horizons, which are 
controlling the dewatering of the overpressured zone. 
Further analysis of the dewatering pattern and the influence of the limestone 
horizons on the pore pressure history is dealt with further in the later discussion 
(chapter 7). 
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Fig 5.16. Correlation of the shale compaction curve to the gamma ray log. The peaks 
of high sonic velocity correspond to limestone horizons in the basin, suggesting that 
these horizons may be controlling the dewatering of the basin. 
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5.5 Conclusions 
5.5.1 Pore pressure prediction 
Chapter 5: Wireline Analysis 
In this chapter, 11 wells were analysed using the sonic travel time to predict 
overpressure using the Equivalent Depth Method and the Eaton Ratio Method. The 
results showed a very accurate fit with the true formation pressures (Figs 5.7 & 5.8), 
which indicates that the formation pressures recorded in the wells are a consequence 
of disequilibrium compaction. The methods, however, underpredicted the pore 
pressure for certain horizons: 
9 In the Devonian Formation, all pore pressure was underpredicted in the 
chosen wells. 
" Mississippian Limestone Formation was underpredicted in one well. 
" The Lower Wolfcampian Series was underpredicted in three wells. 
" Within the Pennsylvanian System 
o The Strawn Formation was underpredicted in two wells. 
o The Cisco Formation was underpredicted in one well. 
The Equivalent Depth Method and the Eaton Ratio Method only accurately 
predict pore pressure if the shale is normally compacted or undercompacted due to 
disequilibrium compaction for its depth of burial. Where porosity has been destroyed 
by chemical processes following normal compaction, or where pore pressure has 
increased as a result of fluid expansion, then these methods will not provide a 
reliable estimation of pore pressure, but will underestimate the pore pressure. The 
results suggest that unloading mechanisms may be a secondary feature in certain 
horizons in some wells, and is more likely to be a localised effect in the reservoir. 
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5.5.2 Mechanism of generation using velocity / density cross- 
plots 
Velocity / density cross-plots were also created for the Hill Haley 1a well, 
Worsham Unit 1 well, and the Harrison 10 well, where the results back up the 
previous pore pressure prediction results. 
" Hill Haley la well. The pore pressure prediction method accurately predicted 
the pore pressure of the Morrow Formation in the well. Using velocity- 
density cross-plots, the results confirm that the Morrow Formation is 
undercompacted for its depth of burial. 
" Harrison 10 well. The pore pressure prediction method underpredicted the 
pore pressure of the Strawn formation. Velocity / density cross-plots, suggest 
that in the well the Strawn Formation is not simply mechanically compacted 
but has experienced unloading and chemical diagenesis. 
" Worsham Unit 1. The pore pressure prediction method underpredicted the 
Strawn Formation. The velocity / density cross-plots of the Strawn Formation 
shows that over a small horizon (50ft) unloading processes are occurring, 
which could be indicative of gas generation via source rock maturation, oil to 
gas cracking in a reservoir, lateral transfer of high pressures from deeper 
units, or gas expansion due to uplift. 
5.5.3 Dynamic or static pressure system 
Interpretation of the shale compaction curve from the sonic log indicates that 
pore pressure dewatering is occurring in the overpressured section of the basin at 
present day. This shows that the pore pressure in the basins is in a dynamic state, 
where the overpressured units are attempting to return to pressure equilibrium. The 
zones of highest preserved porosity in the overpressured zone correspond to 
limestone horizons in the basin suggesting that they may be controlling the 
dewatering. 
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6.1 Introduction 
Basin analysis is the study of the interactions between sediment deposition 
and compaction, thermal changes, fluid flow, tectonic forces, sea level variations, 
hydrocarbon production and accumulation in evolving sedimentary basins (Lerche 
1993). Basin modelling is a numerical tool that integrates the above interactions 
within a basin and displays the results of the basin analysis in a one, two, or three- 
dimensional (1D, 2D, 3D) perspective through time. Basin modelling is 
predominantly used in industry for the modelling of burial history, thermal regimes, 
pore pressure prediction, source rock maturation, hydrocarbon generation, expulsion, 
secondary migration and entrapment (Dore 1993). Also, because the search for new 
hydrocarbon reserves within the worlds basins is becoming ever more challenging, 
basin modelling is being used increasingly as a predictive tool by the oil and gas 
industry, to reduce risk in prospect evaluation (Duppenbecker and Iliffe 1998). 
For the simulation of these processes in any basin, a number of parameters 
need to be specified for input to the program, in order to define the: 
" Burial History 
o The present day geometry of the basin. 
o Lithology for each stratigraphic horizon. 
o Porosity and permeability relationships for each lithology. 
o Known hiatuses and fault evolution. 
" Thermal history 
o Present and palaeo surface temperature. 
o Present and palaeo heat flow. 
o Crust and lithosphere properties. 
" Hydrocarbon generation and expulsion. 
o Known source rock horizons. 
o Geochemistry of the source rock. 
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This chapter will look at several of the key parameters involved in basin 
modelling software, particularly the parameters needed to reflect present conditions 
in the Delaware Basin. 
It is important to note that, as a consequence of the numerous parameters 
needed in basin modelling and the sensitivity of the parameters to minor change, the 
end results can vary significantly depending on the values used. Therefore unless a 
precise value is known for each parameter for a particular basin, modelling cannot 
provide a unique answer to a geological system. It can only provide a better 
understanding through insight into how the basin and its individual components 
evolved through time, and contribute to answering the geological questions. 
This is the premise behind the use of basin modelling in this study. It will not 
be used to generate a definitive answer of what generated overpressure or how it is 
maintained. However, the basin modelling is used as a tool to test the results and the 
theories presented up till now from the previous chapters. The model will illustrate if 
the results suggested so far are geologically plausible. 
6.1.1 Aims of basin modelling 
The purpose of this chapter is to address the following two main questions 
with the aid of basin modelling. 
1. How did overpressure generate in the Delaware Basin? 
2. How is the overpressure maintained in the Delaware Basin 
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6.2 Data input and methodology for 1D and 2D basin 
modelling 
1D modelling 
A1D model uses data from a single well in a basin, and therefore looks at the 
interaction between sediment deposition, compaction, thermal changes, and pore 
pressure etc. within the constraints of a vertical or sub-vertical well. 1D modelling is 
often referred to as maturity modelling (Waples 1998), and the commercial 1D 
modelling software `Genesis' developed by the company Zetaware was used for this 
study. The 1D model of the Delaware Basin created for this study is based on the JE 
Haley 24-1 well in Loving County. Lithological and chronological information 
needed to create the 1D model was taken from work already done on the basin 
(Barker & Pawlewicz 1987; Hills 1994; Luo et al 1994; Hill 1996; Dutton 2005). An 
example of the 1D model output and the lithologies used to create it is shown below 
(Fig 6.1). 
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" Halite 
Anhydrite 
0% 
25000' 
Fig 6.1. Example of a 1D model using the JE Haley 24-1 well. In this example, the 
recorded vitrinite data is plotted against expected vitrinite results. Using the heat 
flow history concluded in chapter 4, true vitrinite reflectance data match the 
predicted values, indicating the thermal history scenario is correct (sub- 
section6.2.3.1). 
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2D modellind 
2D modelling has the advantage over 1D modelling that the basin can be 
viewed in a vertical cross-section perspective, which means that lateral fluid flow 
can be modelled. This advantage over 1D modelling means that pore pressure can be 
accurately modelled. The software Temis 2D version 4.0 was used for this study. 
Temis 2D is a finite volume commercial software package that enables the user to 
simulate basin subsidence, thermal history and hydrocarbon generation and 
migration as in a sedimentary basin. The details of the algorithms and the modelled 
processes are given in Ungerer et al (1990). 
The present day geometry of the Delaware Basin which used to create the 2D 
model, was based on a USGS cross-section of the basin from east to west, which 
encompasses the Central Basin Platform and the neighbouring Midland Basin further 
to the east. The 2D model creates individual cells within the cross section, and each 
cell can be assigned its own lithological parameters (Fig 6.2), making the 2D model 
as realistic as possible. 
The Temis 2D licence for Durham University is limited in that it can only 
model two pore fluid phases, water and hydrocarbons. This means that oil and gas 
cannot be modelled as two different fluids. This two-phase modelling is more than 
adequate for the purposes of 2D modelling in this study. 
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6.2.1 Basin subsidence and compaction 
Both the 1D and 2D modelling software use a "backstripping" method in the 
computation of subsidence and compaction. The present day geometry is 
backstripped, whereby the sedimentary layers are removed one by one, bringing the 
sediments back to the basin's surface where they were originally deposited. This 
geometrical restoration defines the sedimentary and stratigraphic evolution of the 
basin based on the initial input parameters the user defines. To decompact layers and 
hence define the initial thickness, a porosity-depth or effective stress-depth 
relationship for each lithology is needed as an input parameter. Porosity-depth or 
effective stress-depth relationships are essential to basin modelling, as they are used 
to calculate as well as the subsidence history, properties such as heat capacity, 
thermal conductivity and permeability (Giles et al 1998). The more accurate the 
porosity-depth relationships are, the more accurate the results from the basin model 
will be. 
This study has used shale compaction curves and mercury porosimetry 
analysis to create a porosity-depth curve to be assigned for the shales of the 
Delaware Basin, based on the Hubbert and Rubey relationship (1959) (chapter 4.2.4). 
This curve has been used for both the 1D and 2D models used in this study. For all 
other lithologies, default porosity-depth relationships from the modelling software 
are used, due to the lack of available data needed to construct them. 
It is important to note that the Delaware Basin has been uplifted in the past; 
this means that all sediments in the basin have experienced higher values of effective 
stress than at present. This makes estimating porosity-depth relationships for any 
sediment very difficult, and it is advisable to avoid uplifted sediments when trying to 
recreate porosity-depth curves (Giles et al 1998). 
6.2.2 Fluid flow 
Fluid flow in a basin is effectively controlled by the permeability of the 
sediments, as permeability is the parameter defining the ease with which fluid flows 
through a porous medium. Darcy's Law defines the flow rate as: 
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Q= k(P 1-P2)A / µL 
where: 
Q= flow rate, 
k= permeability, 
P 1-P2 = pressure drop, 
A= cross-sectional area, 
µ= viscosity, and 
L= Length. 
(6.1) 
In a basin model, permeability is usually expressed as a simple function of the 
porosity, and is estimated using a power function of the type: 
k= ko (e/eo) 
where: 
k0 is the reference permeability, 
e0 is the reference void ratio of the sediment, 
e is the current void ratio: e=ý /(1-4 ), and 
c is a coefficient which is influenced by sediment lithology. 
(6.2) 
This is the method by which permeability is calculated in the `Genesis' 1D- 
modelling program. A default value of the coefficient (c) is generally used for all 
mudstones, and the value of 3.5 is used as default for mudstones in the Genesis 
model. 
Several permeability models have been developed which are based on the 
Hagen-Poiseuille equation, which describes Newtonian flow in a straight tube of 
circular cross-section. The Kozeny-Carman relationship is one of these theoretical 
approaches to model permeability, and is the method used in Temis 2D modelling. 
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The Kozeny-Carmen relationship relates permeability to specific surface area 
and porosity. For permeable sediments (ý >10%), the equation is: 
k=0.23 / (Sö (1-4)) (6.3) 
where: 
k= permeability (m), 
So = specific surface area (m2/m3), and 
ý= porosity. 
For sediments of a low permeability (0 < 10%), the Kozeny-Carman relationship has 
been modified: 
K= 205 /(S ö (1-ý)) (6.4) 
The equations above show how a basin model computes the permeability evolution 
of a lithological package through geological time. However, the output modelled 
permeability is entirely dependant on the inputs. To aid in the calibration, present 
day permeability measurements were taken from seven mudstone samples through 
the basin using a mercury injection procedure. This was undertaken at Newcastle 
University, with the following vertical permeabilities being recorded: 
" Bell Canyon Formation: 3.33 E-21 m2 
" Cherry Canyon Formation: 3.1 E-21 m2 
" Brushy Canyon Formation: 1.84 E 21 m2 
" Bone Spring Formation: 6.12 E"2' m2 
" Wolfcampian Series: 2.83 E-21 m2 
" Pennsylvanian System: 2.61 E"21 m2 
" Mississippian System: 3.02 E"21 m2 
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6.2.3 Thermal history 
Heat flow in a sedimentary basin is derived from two sources. Radiogenic 
heat from the lithosphere is generated by the radioactive decay of isotopes of 
uranium, thorium and potassium. For Palaeozoic crust, the radiogenic heat flow is 
around 28.8 mW/m2 (Rudnick 1995) which is the value used in both 1D and 2D 
models. Heat flow from the mantle is the other main source of heat for a sedimentary 
basin. The inputs into a basin model include the thickness of the crust and its 
thinning history and the thickness of the mantle lid. For the modelling of the 
Delaware Basin, the crust thickness was set at 32 km for the duration of the foreland 
basin's history. The thickness of the mantle lid was set at 98km. 
The transfer of heat in a sedimentary basin is achieved by thermal conduction 
through rocks and convection through fluids (Allen & Allen 1990). In both the 1D 
and the 2D models, only conduction is used to transmit heat. A1D model cannot 
directly handle convection, because convective movement is not one-dimensional 
(Waples 1998). With the 2D Temis model, convection was not possible, because it 
was not an option in the thermal history setup that was used in the model. 
6.2.3.1 Heat flow history 
This study has defined a new burial and tectonic history for the Delaware 
Basin (Chapter 4). It was based on thermochronology results from apatite fission 
track analysis (AFTA), vitrinite reflectance (VR) and shale compaction curves. 
Based on the results, the following burial history scenario was suggested (Fig 6.3): 
" Assuming a present and a palaeogeothermal gradient of 21.8°C/km 
(constant heat flow of 47 mW/m2 during the Mesozoic and Cenozoic). 
9 The surface temperature has been constant at 20 °C through time. 
Maximum burial occurred in the basin 55 Ma. To explain the high 
thermal maturity of the sediments, an additional 6890 ft of Mesozoic and 
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Cenozoic sediment is needed on top of preserved Triassic at maximum 
burial. 
9 The first uplift event (Laramide) occurred at 55-50 Ma, when 3890ft of 
sediment was eroded. 
" The basin then subsided and 600 ft of Cenozoic Oligo-Eocene sediment 
was deposited. 
"A second uplift event occurred 25-10 Ma (Basin and Range) resulting in 
3600 ft of uplift and erosion. 
The thermal history scenario can be constrained by modelling the present-day 
vitrinite reflectance data. If this thermal history scenario is correct, then the model 
will accurately predict the true present-day values (Fig 6.1). 
For both the 1D and 2D models, heat flow was computed as a transient heat 
flow model compared to a steady state model. Transient heat flow takes into account 
the thermal blanketing effect of rapid burial, as well as the cooling of sediments 
resulted from the dumping of colder sediment on top. 
rým«imYl 
Fig 6.3. Burial history plot showing the temperature profile for the Delaware Basin 
based on results from chapter 4. The basal heat flow was modelled as constant at 47 
2 mW/m. 
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6.2.4 Hydrocarbon generation and expulsion 
Hydrocarbon generation was modelled using the `Genesis' 1D program. 
Within the Delaware Basin, there are six known source rocks (Hill 1996; Dutton et al 
2005): 
" Bone Spring 1St Sand Formation of the Lower Permian 
" Bone Spring 2nd Sand Formation of the Lower Permian 
" Wolfcampian Series of the Lower Permian 
" Barnett Formation of the Upper Mississippian 
" Woodford Formation of the Devonian 
" Simpson group of the Mid Ordovician. 
To determine what kerogen type source rocks have, samples from each 
source rock need to be analysed, to determine the hydrogen index (HI) and the 
oxygen index (01), and then these results plotted against each other (Fig 6.4). Each 
kerogen type has a distinctive initial HI, and with maturation during burial the 
kerogen will move down the indicated pathway toward the origin of the axes (black 
arrow). From this, the present-day level of maturation can be determined and hence 
the kerogen type can be identified (Cornford 2001). 
Samples from the source rocks of the Delaware Basin were analysed for HI 
and 01 (Fig 6.5). The results show that the Wolfcampian and the Barnett are Type III 
source rocks. The other source rocks are harder to interpret as they are highly mature, 
and plot right on the axes of almost zero 01. Samples from the Simpson source rock 
have high levels of HI, and this suggests that they originated from a type I or a type 
II source rock. For the purpose of modelling they will be classed as type II. The 
source rocks of both the Bone Spring Formations were also classed as type 11 / type 
III oil/gas prone. The Woodford source rock has been classed as a type III gas prone 
source rock (Webster. R., pers comm. ). The following initial HI's were therefore 
assigned to the source rocks: 
" Bone Spring Formations - HI = 350 mg/g/TOC 
" Wolfcampian - HI = 200 mg/g/TOC 
" Barnett - HI = 200 mg/g/TOC 
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" Woodford - HI = 200 mg/g/TOC 
" Simpson - HI = 450 mg/g/TOC. 
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Fig 6.4. Kerogen type and maturity can be determined from a plot of hydrogen index 
against oxygen index. As the kerogens mature, they move down the predicted 
pathway towards the axes. Taken from Cornford 2001. 
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Fig 6.5. Plot of hydrogen index (HI) against oxygen index (01) for the source rocks 
of the Delaware Basin. Apart from the Wolfcampian and the Barnett source rocks, 
the other source rocks are highly mature (01 close to zero), which makes identifying 
their kerogen type harder. 
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The final input parameters needed for the modelling of hydrocarbon 
generation is the initial total organic carbon (TOC) value of the source rocks. The 
present day TOC (% wt) values for the sources rocks are: 
" Bone Spring ls` Sand, TOC = 2.40 
" Bone Spring 2nd Sand, TOC = 1.87 
" Wolfcampian, TOC = 1.24 
" Barnett, TOC = 4.23 
" Woodford, TOC = 3.92 
" Simpson, TOC = 0.11 
During thermal maturation, the source rock's TOC will decrease with time, 
and so the measured present day TOC of the source rock will be less than its initial 
TOC when it was buried. To work out the initial TOC levels of the source rocks from 
the Delaware Basin, ID modelling was used to model the decrease in the TOC for 
each source rock (Fig 6.6). An initial TOC was first estimated for a particular source 
rock, and then modelled to see if it decreased sufficiently to match the final 
measured TOC. If it did not match, then the initial TOC was corrected accordingly. 
b 
J 
11 
3 
19]. 1 aas " ýoa. i ý 
Tin o(mYJ 
Fig 6.6. A 1D model plot of the decrease in the TOC content of the Wolfcampian 
source rock through time. The measured present day TOC is 1.24, and the model 
shows that an initial TOC content of 1.385 is needed to explain the present day 
value. 
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The ID modelling of TOC decrease was applied on all source rocks. The 
following initial TOC values were used as input parameters for both the 1D and 2D 
models: 
Source rock Initial TOC values 
Bone Spring is` Sand 2.62 %wt 
Bone Spring nd Sand 2.25% wt 
Wolfcampian 1.385 %wt 
Barnett 4.9 %wt 
Woodford 4.5 %wt 
Simpson 0.5 %wt 
6.2.5 Sensitivity of basin modelling input parameters: 
Constraints on accurate pore pressure prediction. 
One of the controlling factors of overpressure generation and retention is the 
permeability of the sediments. The ability of a sedimentary unit to dewater during 
and after burial is a function of its permeability, and this will determine whether or 
not overpressure can develop through disequilibrium compaction and be retained 
through geological time. 
Since permeability is a function of the porosity, the assigned porosity-depth 
or effective stress-porosity curve for the mudrock affects its permeability and the 
amount of overpressure it may retain. Tests show that with a grater decrease in 
porosity with compaction, the amount of overpressure retained in the rock column 
could triple (Schneider et al 1993) (Fig 6.7). It is therefore important to ensure that 
the porosity-depth or porosity-effective stress curve is as accurate as possible. 
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Fig 6.7. Example of the influence of porosity-effective stress relationship on 
overpressure generation. Tests were carried out on a single lithofacies and a constant 
sedimentation rate. The greater decrease of porosity with compaction causes a 
greater decrease of permeability using the Kozeny-Carman formula (Equation 6.2) 
(Taken from Schneider et 1993). 
Another area that will cause uncertainty within a basin model is the great 
lithological heterogeneity of mudstones (Aplin et al 1995). This will have an effect 
on all models where permeability is estimated. 
As mentioned previously, the coefficient used in equation 6.2, is normally a 
default value. However due to the great heterogeneity of mudstones, this value is 
likely to vary greatly as its influenced primarily by the grain size of the sediment, 
which can be described by the sediment's clay fraction (wt % particles smaller than 
2µm diameter) (Aplin et al 1995; Yang & Aplin, 1998). A study by Tokunga et al 
(1998) used 2D modelling to model the effect that changing the coefficient c had on 
a number of parameters in the basin. The model used values of c ranging from 0 to 9, 
where increasing the value increases the rate at which permeability decreases with 
porosity loss (depth). The study showed that with a higher value of c (higher clay 
content in the mudstones), overpressure was more developed in the section, as the 
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mudstones had a lower permeability, and less pore fluid was expelled, and so the 
compaction of the sediments was retarded (Fig 6.8). 
c=0 
c=3 
c=9 
5000 
.... 
10000 
ý. 
u lti 
pore pressure (psi) 
Fig 6.8. Pore pressure versus depth plot for different values of the compaction 
coefficient c. is altered with every model. For c =0 the section is close to hydrostatic, 
and with an increase in c the amount of overpressure also increases as the sediments 
become less permeable. Taken from Tokunga et al (1998). 
Another consequence of the large heterogeneity of mudstones is that there is 
a large variation in published porosity-permeability curves. Published permeability 
data (Neuzil 1994) suggest that mudstone permeability can vary by three orders of 
magnitude at a given porosity (Fig 6.9). This variation is due to the lithological 
variability of mudstones, in particular the grain size. This places huge restrictions on 
the modelling of fluid flow and pressure in basins (Yang et a! 2002), where most 
models assume that a single porosity-permeability function is sufficient for the whole 
mudstone sequence. In reality, mudstones may differ lithologically over a small 
depth interval. 
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Fig 6.9. Published permeability data for mudstones. There is a large variability of 
mudstone pemeabilities, where at a single porosity, permeability varies over three 
orders of magnitude. Taken from Neuzil (1994). 
One method of estimating the clay fraction content of mudstones is by using 
computer programs that analyse wireline data. One such program `shale quant' was 
developed by Newcastle University (Aplin & Yang). Unfortunately this study did not 
have access to `shale quant', and so the clay fraction of the mudstones in the 
Delaware Basin is unknown. Therefore accurate porosity-permeability relationships 
cannot be assigned to the modelling for this study. 
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6.3 Results of 1D and 2D modelling 
As stated earlier in sub-section 6.1, this study has used basin modelling as a 
tool to test the results and the theories presented up till now from the previous 
chapters, regarding overpressure generation and its retention in the Delaware Basin. 
6.3.1 Mechanism behind overpressure generation in the basin 
Chapter 3 (sub-section 3.3) showed that up to 8500 psi of overpressure exists 
in the Delaware Basin. Chapter 5 (sub-section 5.5) concluded through the use of 
wireline analysis that the overpressure was predominantly generated through 
disequilibrium compaction, however, in certain horizons such as the Pennsylvanian 
aged Strawn Formation there is evidence to suggest that the overpressure may have 
been enhanced through unloading mechanisms. Basin modelling has been used to 
test these conclusions. 
6.3.1.1 Overpressure generation through disequilibrium 
compaction. 
Disequilibrium compaction occurs when there is rapid deposition of 
sediment, and the underlying sediments cannot dewater quickly enough. Compaction 
is halted, causing the pressure of the pore fluids to rise above the hydrostatic 
generating overpressure. It is commonly associated with mudstones where a low 
permeability aids in the inability of the sediment to dewater. During the Permian in 
the Delaware Basin, up to 19000 ft (5.8 km) of uncompacted sediment was deposited 
in 35 million years (285-250 Ma) (Fig 6.10). This rapid deposition of sediment has 
the potential to generate overpressure via disequilibrium compaction in the basin. 
A 2D section was created in `Terris 2D' which ran east-west across the 
Delaware Basin, Central Basin Platform and the Midland Basin, and was used to 
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model burial through time and the generation of overpressure by disequilibrium 
compaction. 
Time(my) 
Fig 6.10 Burial history curve of the Delaware Basin using 1D modelling based on 
well information from the JE Haley 24-1 well in the centre of the Delaware Basin. 
Rapid deposition occurred between 285-250 Ma, when 15000 ft of Late Permian 
sediment was deposited. 
The results are shown as cross-sections at particular times, with different 
colours representing the levels of excess pore pressure on the plots. Alongside the 
cross-section are plots of excess pore pressure with depth for a well in the centre of 
the basin at that particular period of time. Cross-sections for the following times are: 
9 270 Ma - Top Wolfcampian Series of the Early Permian (fig 6.11) 
9 251 Ma - Top Delaware Mountain Group of the Late Permian (fig 6.12) 
" 250.6Ma - Top Ochoan Series of the Late Permian (fig 6.13) 
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Fig 6.11. A 2D modelling plot showing the distribution and scale of overpressure in the Delaware Basin at top Wolfcampian Series 270Ma. Overpressure is starting to build up in the basin due to the deposition 
of 7500 ft (2.3km) of dominantly mudrocks of the Early Permian Wolfcampian Series. 
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Fig 6.12. A 2D modelling plot showing the distribution and scale of overpressure in the Delaware Basin at top Delaware Mountain Group 251 Ma. The continued rapid deposition of the Delaware Mountain 
Group and the Bone Spring Formations resulted in the continued rise of overpressure in the basin. 
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Fig 6.13. .A 2D modelling plot showing the distribution and scale of overpressure in the Delaware Basin at Top Ochoan Series 250.6 Ma. The overpressure in the basin ramps up due to the deposition of up to 
4000 ft (1.2 km) of Late Permian evaporites across the whole basin. 
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Summary of results from the 2D pore pressure generation 
modelling 
The results from the basin modelling (Figs 6.11 - 6.13) show that 
overpressure was generated through disequilibrium compaction in the Delaware 
Basin. During the Permian, rapid deposition of sediment caused the underlying 
shales of the Pennsylvanian and Mississippian System to become overpressured 
through their inability to dewater quick enough at a rate to allow pressure 
equilibrium. 
The deposition of 7500ft (2.3km) of the mudrock dominated Early Permian 
Wolfcampian Series 270 Ma (Fig 6.11), generated up to 1400 psi of overpressure in 
the underlying section. Permeability measurements on the Wolfcampian mudstones 
(sub-section 6.2.2) showed a measured vertical permeability of 2.83E"21 m2 (10"6 
mD). This low permeability would halt the effective dewatering of the underlying 
sediments. This low permeability sequence of overlying mudrocks coupled with a 
further 8500 ft (2590 m) of Mid to Late Permian deposition enabled the overpressure 
to rise to 3600 psi in the underlying sediments (Fig 6.12). 
The overpressure in the basin suddenly ramped up to 7000 psi with the 
deposition of the Late Permian of the Ochoan Series from 251 Ma to 250.6 Ma (Fig 
6.13). During this time, up to 4000 ft (1.2 km) of evaporites were deposited across 
the whole basin. This rate agrees well with other studies of evaporite deposition. For 
example, in the Mediterranean, up to 1 km of evaporites were deposited within 400 
kyr during the Messinian (Martin & Braga 1994). The evaporites in the Delaware 
Basin acted as an impermeable top seal and inhibited the escape of pore fluids from 
the basin. The result of this perfect top seal was that the whole of the basin became 
excessively pressured at the end of the Permian. 
It needs to be noted that in order to make the 2D basin model realistic, the 
salt was not modelled as a continuous impermeable unit from east to west. Therefore 
at each edge of the model, the evaporites were modelled as a mix of 50% anhydrite 
and 50% mudstone. This allowed some bleed off of fluid pressures after its 
deposition. It is geologically likely that on the edges of the salt, some dissolution 
may have occurred, or the salt may not have covered the entire basin after deposition, 
and so by adding the pathways, it makes the model more realistic. 
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6.3.1.2 Overpressure generation through non-stress related 
mechanisms 
In Chapter 5, it was concluded that in certain horizons such as the 
Pennsylvanian aged Strawn Formation there is evidence to suggest that overpressure 
may have been enhanced through alternative mechanisms other than disequilibrium 
compaction. These mechanisms have been explained in Chapter 3 (sub-section 
3.2.5.1). Within the time frame and analytical capabilities of this research, the main 
non-stress related mechanisms were analysed via modelling to substantiate the 
conclusions made in chapter 5. 
1D and 2D basin modelling has been used to look at the petroleum system of 
the Delaware Basin. In particular gas generation from the source rock and in-situ oil 
to gas cracking have been analysed, as these two processes have the potential to be 
main mechanisms that could generate overpressure within a sedimentary basin 
(Swarbrick & Osborne 1998; Swarbrick et a! 2002). 
Within a tilted horizon, the lateral transfer of deep basinal high overpressures 
up dip to a shallower depth will also inflate overpressures in a basin (sub-section 
3.2.5.1.2). Modelling of this mechanism is beyond the capabilities of the basin 
modelling software package used for this study. However, a 3D surface visualisation 
software package (Oilfield Data Manager) has been used to model the basin and 
highlight areas where lateral transfer may be occurring. 
Other non-stress related mechanisms such as gas expansion on uplift, and 
mineral transformation could not be modelled due to the limitations of the software 
available and time constraints of the research. The likelihood of these mechanisms 
contributing to the overpressure system in the Delaware Basin will be looked at in 
more detail in the later discussions (chapter 7.2.3). 
Gas generation from source rocks 
Based on ID modelling of vitrinite reflectance data from the source rocks, all 
six source rocks in the Delaware Basin have reached a high enough thermal maturity 
to produce hydrocarbons (Fig 6.14). Only the source rocks below and including the 
, ý. , 
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Lower Wolfcampian have entered the gas window. These results from the 1D 
vitrinite modelling are confirmed by an oil and gas exploration company, which is 
currently exploring in the basin (Webster, R. W., pers comm. ). 
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Fig 6.14. A 1D modelling plot of vitrinite data from the JE Haley 24-1 well. The 
results show that the source rocks of the Bone Spring Formation and Upper 
Wolfcampian are currently in the oil window while the Lower Wolfcampian and the 
Barnett, Woodford and Simpson source rocks are in the gas window. 
The following four plots (Figs 6.15 - 6.18) show 1D modelling results where 
the rate of gas generation was modelled against time and burial history for the Lower 
Wolfcampian, Barnett, Woodford and Simpson source rocks. 
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The results from the 1D source rock modelling show that the basin has 
undergone two main phases of gas generation. The Wolfcampian source rocks started 
to generate gas prior to maximum burial around 70 Ma, whereas the underlying 
source rocks, the Barnett, Woodford and Simpson, all generated gas during rapid 
basin subsidence during the Permian. 
2D modelling of the source rocks was also undertaken to complement the 1D 
results. The 2D model is able to show the total amount of generated hydrocarbons 
(Fig 6.19) from the source rocks. The results show that the Bone Spring, Woodford 
and the Barnett source rocks produced most hydrocarbons, where the Bone Spring 
total would have been 100% oil as the source rock has not entered the gas window. 
The Wolfcampian and the Simpson source rocks produced less hydrocarbons, due to 
their low initial TOC values. The 2D modelling also showed that total generation of 
the hydrocarbons in all source rocks had ceased prior to maximum burial at 55 Ma. 
Well plot throught the centre of the Delaware Basin at 55 Ma 
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6.19. A plot from 2D modelling showing total generated hydrocarbons from the 
source rocks 55 Ma. No more generation occurred after this time. 
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Potential for oil to gas cracking in the reservoir 
Modelling has also been used to look at the potential for oil to gas cracking 
in-situ in the reservoir, where a large volume increase can occur and hence generate 
overpressure (Swarbrick et al 2002). 
The licence of `Temis 2D' that Durham university has been granted is only a 
two-phase model, where only water and hydrocarbons can be generated. Therefore 
modelling oil cracking into gas in not plausible for this study. However what can be 
modelled is the timing and degree of saturation of hydrocarbons in the surrounding 
reservoirs, and the modelling of formation temperatures. Oil to gas cracking initiates 
at temperatures between 120-140 °C and complete cracking to gas is achieved at 
temperatures in excess of 180 °C (Mackenzie & Quigley 1988). 1D modelling is used 
to show the temperature history of the basin (Fig 6.20). 
T, me(my) 
C 
G 
Fig 6.20. A1D temperature history plot of the Delaware Basin showing the top 
Wolfcampian Series, Top Pennsylvanian and Top Mississippian along with the 160 
°C contour. 
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As shown in Fig 6.20, the Lower Wolfcampian Series would have reached 
160 °C as a consequence of the extra burial during the Mesozoic and the Cenozoic 
(175-160 Ma). The saturation of hydrocarbons within the Wolfcampian at this time 
reached 4% according to 2D modelling (Fig 6.21). The upper formations of the 
Pennsylvanian System would also have reached the required cracking temperature 
from 100 Ma as the Upper Cretaceous started to be deposited. This extra deposition 
meant all units below the Mississippian System achieved temperatures of 180 °C and 
greater (Fig 6.20), creating prime conditions for any oil to gas cracking in the 
reservoirs, with maximum hydrocarbon saturation within the units below the 
Wolfcampian occurring around 200 Ma (Fig 6.22). 
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Fig 6.21. A well plot through the centre of the Delaware Basin showing degree 
hydrocarbon saturation in the section, using 2D modelling. 
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Fig 6.22. A 2D model plot of the basin at 199 Ma showing saturation of 
hydrocarbons. Complete saturation in the units below the Wolfcampian was achieved 
at this time. Units below the Top Mississippian are already at temperatures above 
180 °C, and the Pennsylvanian units reached this temperature 100 Ma. 
Lateral Transfer of overpressure 
The basin modelling software packages used for this study, cannot model 
overpressure enhancement at structural crests by the lateral transfer of fluids from 
deep. However 3D surface visualisation models can be used to see if the mechanism 
is viable. 
The Jo Neal 43 well is located in Pecos County in the deep section of the 
basin. Pore pressure prediction methods were used on the sonic log from the well 
(sub-chapter 5.2.2). The results showed that the methods were under predicting pore 
pressures for the Pennsylvanian aged Cisco Formation. This well is located at the 
apex of domal anticline (Fig 6.23), which formed during the Ouachita orogeny (sub- 
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 31X) 320 
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section 2.2.2.1). The top of the Cisco Formation in this well sits at 10400 ft (3169 
m). This compares to the Palmer well downdip of the structure to the south (Fig 
6.23), where the Cisco Formation is at 16000 ft (4876 m). If a pressure gradient of 
0.45 psi/ft is used, then the pressure differential between these two wells for the 
Cisco Formation could be up to 3000 psi. This would significantly enhance the 
overpressure in the Jo Neal 43 well. 
3D subsurface map of thelllaware Basin 
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Fig 6.23. A 3D subsurface map showing the top of the Pennsylvanian in Pecos 
County, which is situated in the centre of the Delaware Basin. The Jo Neal 43 well 
shows evidence of inflationary overpressures and with the well located on a 
structural crest, the lateral transfer of fluids from deep may be an explanation for the 
overpressures recorded. 
The Cisco Formation is also a sandstone horizon (Fig 6.24 and Webster, R. W., pers 
comm. ). This is necessary if any lateral transfer of deep overpressure is to occur, as 
the unit needs to be permeable. 
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Fig 6.24. A gamma ray log for the Jo Neal 43 well. The Cisco Formation has a low 
gamma ray reading indicating that it has a low mudstone content and may be a sand. 
This is confirmed by an oil and gas exploration company, which is currently 
exploring in the basin. 
Summary of non-stress related overpressure generation 
modelling. 
The results from the modelling of source rock generation, oil to gas cracking 
and lateral transfer is summarised below. 
Source rock generation. 
9 Vitrinite reflectance data and ID modelling of the source rocks show that 
both source rocks of the Bone Spring Formation are only oil producing, 
Tom Sinclair Chapter 6: Basin Modelling of the Delaware Basin 
whereas the source rocks of the Wolfcampian Formation (in particular the 
Lower Wolfcampian), Barnett Formation, Woodford Formation and the 
Simpson Group, have all entered the gas window. 
9 Gas generation in the Wolfcampian source rock occurred around 70 Ma, 
which is 200 Myr after its deposition. This research has shown that the 
Delaware Basin experienced greater burial than previously thought, with 
a further 6890 ft (2.1 km) being deposited prior to maximum burial (55 
Ma). This extra burial during the Mesozoic and Cenozoic is the reason 
why the Wolfcampian source rock reached a high enough thermal 
maturity for gas production. 
" Gas generation in the Barnett, Woodford and Simpson source rocks 
occurred due to the rapid input of Mid-Late Permian sediment (250 - 260 
Ma). 
" 2D basin modelling results show that all the source rocks reached 
maximum generation prior to maximum burial 55 Ma. 
9 The best producing source rocks in the basin are the Bone Spring, Barnett 
and Woodford. 
Potential for oil to gas cracking 
91D and 2D modelling has shown that all units from the Lower 
Wolfcampian downwards reached the required temperatures needed for 
oil to gas cracking to occur in reservoirs. 
" The Lower Wolfcampian Series reached the required temperatures for 
cracking around 75 Ma, and by maximum burial 55 Ma the section was 
saturated with hydrocarbons. 
9 Units below the Top Pennsylvanian were fully saturated by 199 Ma, with 
the Pennsylvanian units reaching required cracking temperatures at 100 
Ma. 
" Units below the Top Mississippian have been in the required temperature 
zone since the end of the Permian (250 Ma). 
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Lateral Transfer 
" The Ouachita orogeny during the Pennsylvanian created domal anticlinal 
structures, giving tilted reservoir horizons such as the Cisco Formation. 
Implications for overpressure development 
" The modelling has shown that gas generation did occur in the source 
rocks below and including the Wolfcampian Series. It also showed that 
for the same section, the conditions needed for potential oil to gas 
cracking in reservoirs was in place. Therefore a volume change associated 
with either of these two processes may have added to the overpressure 
already generated by disequilibrium compaction. 
" More significantly however, the Upper Wolfcampian Series never 
reached the required temperatures for oil to gas cracking despite being 
saturated with hydrocarbons. Therefore the overpressure seen in this 
section at present day would only have been generated primarily through 
disequilibrium compaction according to the modelling, ad the amount of 
gas generation from the source rock was minor. 
" Any high overpressure in the deep basin created during the rapid burial of 
the Permian section could have been transferred up-dip through lateral 
transfer in a permeable aquifer, so that any overpressure on the crest may 
have been enhanced. For example the Jo Neal 43 well in Pecos County. 
" Note, that high overpressures recorded in the crest of a reservoir could be 
also due to oil to gas cracking, or hydrocarbon buoyancy. 
Note, these results are all theoretical, as the modelling software could not compute 
overpressure generation through non-stress related mechanisms. However the 
modelling does show that conditions in the basin were viable for the above 
mechanisms to occur. 
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6.3.2 Modelling the retention of overpressure in the basin 
The modelling results in sub-section 6.3.1 showed that overpressure could be 
generated in the Delaware Basin by disequilibrium compaction and theoretically by 
non-stress related mechanisms, by the following timeline: 
" 260 - 250 Ma: Gas generation in the Barnett, Woodford and Devonian 
source rocks. 
" 250 Ma: Disequilibrium compaction 
" 250 Ma: Lateral transfer of fluids to structural crests. 
" 100 Ma: Reservoirs below Top Pennsylvanian reached 
conditions for oil to gas cracking. 
" 70 Ma: Gas generation in the Wolfcampian source rock. 
" 55 Ma: Reservoirs in the Lower Wolfcampian reached 
conditions suitable for oil to gas cracking. 
Basin modelling has therefore been used to see how overpressures could be 
retained in the basin until present day. Due to the limitations of the basin modelling 
software, the following results are only based on where overpressures have been 
generated by disequilibrium compaction. 
6.3.2.1 Late Permian evaporites 
The deposition of the Late Permian impermeable evaporites is a perfect 
scenario as to how disequilibrium compaction generated overpressures may have 
been retained in the basin. The following basin modelling results were run where the 
evaporites were modelled as a laterally continuous layer across the whole basin (Figs 
6.25 - 6.27). 
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Fig 6.25. A 2D modelling plot showing the distribution and scale of overpressure in the Delaware Basin at top 
Ochoan Series 50.6 Ma, where the Late Permian evaporites are modelled as a 
laterally continuous 
impermeable seal. During the Ochoan, up to 4000ft worth of halite and gypsum was deposited on top of the 
basin. The plots show that this effectively sealed the whole basin, enabling excess 
pore pressure to 
reach in excess of 5000psi. 
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Summary of the modelling results 
The modelling results show that if the salt is modelled as a laterally 
continuous perfect top seal, then the overpressure reaches up to 9000 psi, by 
maximum burial 55 Ma (Fig 6.27). 
However, if the salt was acting as a perfect top seal, it then contradicts the 
conclusions made in chapter 4 (sub-section 4.2.4.1). Based on shale compaction 
curves it is suggested that the Upper Permian Delaware Mountain Group was 
normally pressured at maximum burial, indicating that the basin could dewater. In a 
geological sense it is unlikely that the salt was a complete barrier to fluid flow, as 
there may have been some salt dissolution, fracturing, or simply the salt may not 
have been laterally extensive across the whole basin hence allowing fluids to bleed 
off. 
6.3.2.2 Late Permian evaporites modelled as being permeable 
on the edges of the basin 
It was mentioned in sub-section 6.3.1.1, that to allow the model to be 
geologically realistic for overpressure modelling, the evaporites were modelled as a 
mix of 50% anhydrite and 50% mudstone on the flanks of the basin (Fig 6.13). This 
would allow for some dewatering of fluid pressures to occur in the basin over 
geological time till present day. The following 2D sections (Figs 6.28 - 6.31) show 
the results of this modelling from 199 Ma through to present day and follow on from 
Fig 6.13, which models the basin at 250.6 Ma. 
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Summary of the modelling results 
When the model is run where the evaporites are modelled as a mix of 
anhydrite and mudstone on the edges of the basin (Figs 6.28 - 6.31), the pressure 
history of the basin is dramatically different then when the evaporites are modelled 
as a perfect top seal (Fig 6.25 - 6.27). By allowing some dewatering to occur on the 
flanks of the basin, the overpressure is not contained in the basin to as large a degree. 
For example at 55 Ma, there was 9400 psi of overpressure in the entire basin when 
the evaporites were modelled as a perfect top seal (Fig 6.27). This compares to 
Figure 6.29 where overpressures in the Wolfcampian Series only reach up to 3200 
psi, if dewatering can occur on the flanks of the basin. 
By making the Late Permian evaporites more permeable on the edges of the 
basin, this modelling has achieved the following results: 
" Despite allowing overpressures to dissipate, the basin is still overpressured at 
the end of the Triassic 199 Ma, with overpressures up to 2400 psi being 
modelled in the Wolfcampian Series (Fig 6.28). The overpressure is being 
maintained by the low permeability (10"6 mD) mudstones of the Bone Spring 
Formation and Wolfcampian Series. The evaporites will still also be a very 
effective regional seal, as it is only on the flanks of the basin where they have 
been modelled to be more permeable. 
" The deposition of almost 7000 ft (2.1 km) of Cretaceous and Palaeocene 
sediment had the effect of ramping up the pressures in the section underlying 
the Delaware Mountain Group (Fig 6.29). 
" However, the more sand rich Delaware Mountain Group is able to dewater 
and become close to being hydrostatically pressured at maximum burial 55 
Ma. This agrees with the results made in chapter 4 (sub-section 4.2.4.1), 
where based on shale compaction curves it was concluded that the Delaware 
Mountain Group was normally pressured at maximum burial. The modelling 
does show that the Delaware Mountain Group is still slightly overpressured at 
55 Ma (300 psi of overpressure) and not hydrostatic (Fig 6.29). However, this 
could just be a limitation of 2D modelling where dewatering can only occur 
in a 2D perspective. A 3D model would have more drainage paths and may 
allow complete dewatering to occur. 
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" Chapter 4 showed that the basin underwent two phases of uplift in the 
Cenozoic. Uplift has the impact of decreasing the pore pressure in sediments. 
This happens due to the slight porosity increase through the rebound of the 
sediments on uplift, and the shrinkage of pore fluids due to a temperature 
decrease. This pressure decrease coupled with continued dewatering explains 
the decrease in overpressure at 25 Ma compared to 55 Ma (Figs 6.29 & 6.30), 
and why the basin is close to hydrostatic at present day (Fig 6.31). 
" The model is inaccurately representing the pressure history at present day. 
The model is showing overpressures no more than 600 psi in the whole basin. 
Whereas measured pressures through DSTs indicate overpressures up to 7000 
psi in the Pennsylvanian and Mississippian System for example (Fig 6.31). 
This shows that if the evaporites are not the pressure seal, then overpressures 
cannot be retained in the basin till present day, and another method of 
pressure retention is therefore needed. 
6.3.2.3 Tight laterally extensive carbonates 
Chapter 5 (sub-section 5.4.1) through the use of wireline analysis concluded 
that lateral tight carbonates horizons are controlling the dynamic dewatering of the 
overpressured zone in the basin (Fig 5.16). The model used in sub-section 6.3.2.2 
was adapted by making the limestone horizons that corresponded with the peaks of 
high mudstone sonic travel time (Fig 5.16), tighter with regards their permeability. 
The limestones that were altered were the: 
" Top Bone Spring Formation. 
" Base of the Bone Spring Formation. 
" Mid Wolfcampian Series. 
" Top Pennsylvanian System. 
" The Mississippian Limestone Formation 
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The tight limestones can be identified in the stratigraphic column by a light blue 
colour coding. 
The present day vertical permeability of these limestones was modelled in the order 
of 10-8 mD, which is tighter than the mudstones in the basin by two orders of 
magnitude. The modelling results are shown in figures 6.32 - 6.36, as cross-sections 
for the following times: 
" 250.6 Ma - Top Ochoan evaporites (Fig 6.32). 
" 199 Ma - Top Triassic (Fig 6.33). 
" 55 Ma - Maximum burial (Fig 6.34). 
" 25 Ma - Prior to Basin and Range associated uplift (Fig 6.35). 
90 Ma - Present day (Fig 6.36). 
In the model, the tight carbonates were only modelled for the Delaware Basin and 
not the neighbouring Midland Basin. This was so that the Midland Basin could 
become normally pressured, as no overpressure is recorded in the basin at present 
day. 
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Summary of the modelling results 
The latest modelling results show that if certain limestones horizons in the 
basin are modelled as being tighter (lower vertical permeability), then significantly 
more overpressure is retained in the basin through geological time. 
At maximum burial 55 Ma (Fig 6.34), between 7000 and 9000 psi of 
overpressure is being modelled in the Wolfcampian Series and in the Pennsylvanian 
and Mississippian System. This compares to the on average 3000 psi of overpressure 
seen when tight limestones were not added to the model (Fig 6.29). No tight 
limestones were added within or above the Delaware Mountain Group, meaning that 
this section was able to dewater and return close to hydrostatic pressure by maximum 
burial. 
Prior to the Basin and Range uplift event (25 - 10 Ma), the model (Fig 6.35) 
is still showing high overpressures (6000 - 7000 psi) in the Wolfcampian Series, the 
Pennsylvanian System and in the Mississippian System. The pressures have 
decreased by around 2000 psi since 55 Ma and this is likely to be a consequence of 
the Laramide uplift event (55 - 50 Ma), where uplift will reduce pore pressure 
through elastic rebound and shrinkage of pore fluids. Overpressure has also 
decreased in the Permian Bone Spring Formation and the underlying Ordovician, 
Silurian and Devonian. Where pressures are modelled at around 1000 psi above 
hydrostatic. 
At present day (Fig 6.36), the model is showing almost hydrostatic pressures 
in the Delaware Mountain Group, Bone Spring Formation, Ordovician, Silurian and 
the Devonian. With the uplift and tilt of the basin, dewatering can occur a lot 
quicker. This is due to erosion of the salt, and potential conduit horizons such as the 
sand rich Delaware Mountain Group now having connectivity to the surface. The 
presence of the tight carbonates, has enabled an overpressure cell to remain in the 
centre of the basin, in the Wolfcampian Series, Pennsylvanian System and the 
Mississippian System. The results are actually very similar to the true pressures 
recorded in the basin via DSTs at present day. 
It needs to be noted that the modelled pressures may well be on the high side 
because it was run as a 2D model. In a 3D model, there would be more drainage 
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pathways, allowing more effective dewatering of certain horizons. For example, at 
maximum burial 55 Ma (Fig 6.34), the Delaware Mountain Group still has around 
300 psi of overpressure. In a 3D model, it may be fully hydrostatic. The same 
principle could be applied to the Bone Spring Formation at 25 Ma (Fig 6.35). This is 
unfortunately one of the uncertainties associated with a simple 2D model. 
6.4 Discussion: A sensitivity analysis 
As mentioned at the start of this chapter, all modelling results are dependant 
on the initial input parameters. This discussions section aims to look at the porosity- 
depth function of mudstones and its impact on modelling results. 
6.4.1 Impact of different shale compaction curves on pore 
pressure modelling 
Figure 6.8 in sub-section 6.2.5 showed the effect that a change in the 
porosity-depth curve for a mudstone would have on the retention of overpressure in a 
basin, since permeability is a function of the porosity. In this sub-section three 
different shale compaction curves are used in 1D modelling of the Delaware Basin to 
view the effect it has on the pore pressure retention in the basin. 
As seen from published shale compaction curves (Fig 4.29 sub-section 
4.2.4), there is a large degree of variation at any depth. For example, at 10000 ft (3 
km) there may be up to a 15% difference in the porosity value between curves. For 
this 1D model experiment, the three compaction curves differ by as much as 4% in 
porosity at a depth of 12000 ft (3.6 km) (Fig 6.37). The initial starting porosity is 
60% for each curve. 
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Fig 6.37. A 1D model showing three different shale compaction curves. Each curve 
has an initial starting porosity of 60%. At 12000 ft they vary in porosity from 8% - 
12%. Compaction curve 2 is the compaction curve used previously for this study. 
Results of 1D modelling 
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Fig 6.38 1D modelling results showing amount of excess pore pressure in the well at 
present day for the three different shale compaction curves. 
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Fig 6.39 1D modelling results showing degree of excess pore pressure in the Lower 
Wolfcampian Unit through time for the three different shale compaction curves. 
The results from the 1D modelling show that with only a 4% change in the 
porosity at 12000 ft (3.6 km), the effect on the excess pore pressure history of the 
Delaware Basin is quite significant. Excess pore pressures at present day could be 
about 2000 psi (13.7 MPa) greater if compaction curve 3 was used instead of curve 
1 (Fig 6.38). Fig 6.39 shows the difference in excess pore pressure in the Lower 
Wolfcampian Unit when different shale compaction curves are used. Prior to uplift at 
55 Ma, the difference is 1500 psi (10.3 MPa). These results are in agreement with the 
conclusions drawn by Schneider et al (1993) (Fig 6.8). 
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6.5 Conclusions of basin modelling 
The following conclusions can be drawn from the basin modelling of the 
Delaware Basin. 
Mechanism of overpressure generation in the Delaware Basin 
Disequilibrium compaction 
" Overpressure in the Delaware Basin can be generated through disequilibrium 
compaction (Fig 6.13, sub-section 6.3.1.1). The rapid burial of 20000 ft (6 
km) of the mudrock dominated Permian sequence, coupled with a low 
permeability (10"6 mD) enables overpressure to build up to 7000 psi. 
Non-stress related mechanism 
A limitation of the modelling software used, is that overpressure generation through 
non-stress related mechanisms cannot be modelled. However, implications can be 
made based on modelling results. 
9 The Barnett, Woodford, and Simpson source rocks all generated gas during 
the rapid burial of the Permian sediments (Fig 6.16 - 6.18). It is possible that 
overpressure may have developed in these units as a result of the gas 
generation. 
" The Wolfcampian source rock produced gas by 70 Ma, however, not many 
hydrocarbons were produced due to a low initial TOC content. It therefore 
unlikely that any overpressure was generated by gas production in this 
formation. 
" All units below the Pennsylvanian System had the required conditions to 
allow oil to gas cracking to occur if a reservoir was oil-filled, so additional 
overpressure generation via this mechanism is plausible. 
" Overpressures within a permeable unit may have been enhanced at structural 
crests by lateral transfer (Fig 6.23). 
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From the modelling results it is concluded that the primary mechanism for 
overpressure generation within the Delaware Basin would have been disequilibrium 
compaction. However, it is geologically possible that overpressure was enhanced on 
a localised scale in certain horizons through non-stress related mechanisms. For 
example the Pennsylvanian age Cisco Series is a reservoir in the basin and as shown 
from the modelling, the conditions are favourable for oil to gas cracking or lateral 
transfer to occur. 
The modelling has also shown that regardless of the generating mechanism, 
all overpressure would have been generated prior to maximum burial 55 Ma (sub- 
section 6.3.2). 
Overpressure retention in the basin 
" The Late Permian evaporites would have been a perfect top seal if laterally 
continuous across the whole basin, and acted as an impermeable barrier to 
flow (Fig 6.27, sub-section 6.3.2.1). 
" Taking into account results from chapter 4 (sub-section 4.2.4.1), where it was 
suggested that the Delaware Mountain Group was hydrostatically pressured 
at maximum burial, the model was adapted to allow limited flow on the 
flanks of the basin. The results showed that in this scenario the basin would 
not retain any significant overpressure through time, and the model therefore 
underestimates the overpressures at present day (Fig 6.31). 
9 If certain limestones horizons are modelled as "tight" (10-8 mD) in the basin, 
then this will compartmentalise the basin and overpressures are maintained 
through to present day. In this scenario the model accurately predicts 
overpressures similar to those recorded in the basin (Fig 6.36). 
Sensitivity analysis 
" The parameters used in basin modelling have a large impact on the pore 
pressure distribution predicted in the basin. For example, different shale 
compaction curves result in different values of permeability, and affect the 
ability of a mudrock to retain overpressure. 
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7.1 Introduction to the discussions 
This research project set out to answer the following questions about the 
Palaeozoic successions in the Delaware Basin: 
1. How was overpressure generated in the basin? 
2. How is excess pore fluid pressure maintained in the basin? 
By integrating the results presented here with findings in previous 
publications, this discussions chapter aims to answer the above questions and aid in 
the further understanding of overpressure in other old Palaeozoic basins. 
This research includes the first use of apatite fission track analysis (AFTA) to 
investigate the burial history of the Delaware Basin. Synthesis of the AFTA results, 
well logs and basin modelling has provided a much better understanding of the pore 
pressure history in the basin. 
This chapter will briefly discuss the main mechanisms and maintenance of 
overpressure in basins using the Delaware Basin as an example. However, the 
emphasis will be on how overpressure in maintained in `old' sediments and its 
applications. 
The results of this study will be highly relevant and applicable for further 
research and exploration in many other basins with excess pore pressures but 
especially where the excess pore pressure is found in `old' basins of Palaeozoic age, 
e. g. the Val Verde Basin in West Texas and the Anadarko Basin in Oklahoma. 
7.2 Mechanisms of overpressure generation 
7.2.1 An overview 
The mechanisms by which overpressure can be generated were described in 
chapter 3 (sub-section 3.2.5.1) as either stress related or non-stress related (unloading 
mechanisms). Stress related mechanisms include disequilibrium compaction and 
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tectonic compression. Unloading mechanisms generate overpressure by reducing the 
effective stress, by such methods as aquathermal expansion, smectite dehydration, 
smectite to illite transformation, lateral transfer and hydrocarbon generation 
(Osborne & Swarbrick 1997). Swarbrick et al (2002) have analysed the magnitude of 
overpressure generated as a consequence of the above mechanisms, and shown that 
the two main mechanisms which have the potential to produce a large amount of 
overpressure are disequilibrium compaction and gas generation, either through 
source rock generation or oil to gas cracking in the reservoir (Table 7.1). 
Overpressure is more commonly associated with young rapidly subsiding 
basins with a high sedimentation rate, such as the Tertiary deltas in the Gulf of 
Mexico or off the west coast of Africa where overpressure has developed through 
disequilibrium compaction. In these basins, the maintenance of overpressure in the 
system is controlled by the low permeability of the mudrocks (around 10 -3 mD), 
which enabled overpressure to develop in the first place as a consequence of 
disequilibrium compaction. 
Where overpressure is found in Palaeozoic Basins, the excess pore pressure 
may have been generated during the Palaeozoic or Mesozoic as a consequence of 
disequilibrium compaction. Mudrock permeabilities of 10 -3 mD would enable any 
excess pore pressure to be dissipated within tens to hundreds of millions of years. A 
very low shale permeability (10 '9 mD) is therefore needed to maintain the 
overpressure over this length of time (Lee & Demming 2002). The lowest 
permeabilities ever measured in sedimentary rocks are in the range of 10-7_ 10,8 mD 
(nanoDarcy to picoDarcy) (Lee & Demming 2002). It is for this reason that 
overpressure in old Palaeozoic basins has often been attributed to later fluid 
expansion mechanisms such as gas generation, where any overpressure generated has 
only been maintained for a shorter time. 
This study, however, suggests that disequilibrium compaction was the main 
mechanism for overpressure generation in the Delaware Basin as a consequence of 
the rapid burial of Permian sediment. Fluid expansion mechanisms may have 
enhanced the overpressure and would be on a localised scale, such as on a structural 
crest or within a reservoir (Table 7.1) 
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7.2.2 Disequilibrium compaction 
The results from this research demonstrate that disequilibrium compaction 
was the main generating mechanism for overpressure in the basin. This conclusion 
contradicts the findings by Luo et al (1994), Lee & Williams (2000) and Hansom & 
Lee (2005) (Table 7.1), who considered hydrocarbon generation to have been of 
equal or greater importance than disequilibrium compaction to explain the generation 
of overpressure in the Delaware Basin. 
Chapter 4 illustrated that the burial and tectonic history of the Delaware 
Basin has been misinterpreted in the past by numerous authors (Barker & Pawlewicz 
1987; Luo et al 1994; Hill 1996; Lee & Williams 2000; Alton-Brown 2004; Hanson 
& Lee 2005), who assumed simplistic burial history scenarios based on the preserved 
stratigraphy in the basin at present day. 
Luo et al (1994) suggested that no extra Mesozoic sediment was deposited on 
top of the preserved Triassic in the basin, and therefore subsequently there was no 
uplift of the basin during the Cenozoic (Fig 7.1). This study has shown through the 
analysis of apatite fission tracks, vitrinite reflectance plots and shale compaction 
curves (chapter 4) that the basin had a significantly more complex Mesozoic and 
Cenozoic burial and tectonic history than was previously known (Fig 7.2). Prior to 
maximum burial (55 Ma), the basin experienced 6890 ft (2.1km) of extra burial on 
top of the preserved Triassic. During the Cenozoic this Mesozoic deposition was 
removed by two uplift events, the Laramide event (55-50 Ma) and the Basin and 
Range event (25-10 Ma). 
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Fig 7.1. Burial history used by Luo et al (1994) for their analysis of the pore pressure 
history of the Delaware Basin. 
Fig 7.2. A revised burial history curve for the Delaware Basin based on results from 
this research (refer to chapter 4). 
Luo et al (1994) argued against disequilibrium compaction as a dominant 
mechanism for overpressure generation in the basin due to the inability of this 
mechanism to generate similar overpressures to those recorded in the basin at present 
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day (up to 8500 psi). Luo et al (1994) based the relationship between sedimentation 
and pore pressure generation on the sedimentation rate of the overpressured units, 
stating that due to the low sedimentation rate of the Pennsylvanian System, 
disequilibrium compaction would not have generated overpressure in these units. 
Disequilibrium compaction can easily be generated in mudstones that have been 
deposited slowly provided they subsequently experience rapid burial by overlying 
units. This is seen in the Delaware Basin, where the mudrocks of the Pennsylvanian 
section were overlain by 20000 ft (6 km) of Permian section that was deposited in 35 
My. The results through the use of basin modelling in chapter 6 (Fig 6.13, sub- 
section 6.3.1.1) have shown that overpressures can reach up to 7000 psi in the basin 
by the end of the Permian through disequilibrium compaction alone. This study has 
also shown that due to the extra 6890 ft of deposition during the Cretaceous and 
Palaeocene (Fig 7.2), overpressures will increase by a further 2000 psi in the centre 
of the basin (Fig 6.34 & 6.35). These results demonstrate that in the Delaware Basin 
disequilibrium compaction alone can generate a large magnitude of overpressure. 
The research conducted by Lee and Williams (2000) and Hansom and Lee 
(2005) used 2D basin modelling to study the pore pressure history of the basin. In 
both studies a burial history scenario (Fig 7.1) similar to Luo et al (1994) was used in 
the modelling. The thickness and lateral variability of the stratigraphy used in the 
models was based upon present day stratigraphic fills and architecture. However, the 
Permian stratigraphy has varied greatly in thickness and lateral extent through time 
as a consequence of the additional Mesozoic deposition and subsequent Cenozoic 
erosion as suggested in this study. Correctly modelling the lateral extent of the Late 
Permian evaporites and the tectonic history of the basin through time, has an 
important influence on the pore pressure history of the basin. In the models, Lee and 
Williams (2000) and Hansom and Lee (2005) modelled the Late Permian evaporites 
as not being laterally extensive across the whole basin through time (Fig 7.3). 
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Fig 7.3. Cross section used by Lee and Williams (2000) and Hansom and Lee (2005) 
for the basis of their modelling. Their model has assumed present day stratigraphic 
thicknesses and lateral extent in the geological past (Taken from Lee & Williams 
2000). 
Lee & Williams (2000) and Hansom & Lee (2005) acknowledged that pore 
pressure as a consequence of disequilibrium compaction could build up to 5000 psi 
(34.4 MPa) above hydrostatic as an outcome of the rapid burial of the Permian 
section. However, they concluded that despite this generation of overpressure, it 
cannot be retained in the basin due to the lack of a suitable pressure seal. The 
dissipation of excess pore pressures would have begun at the end of the Permian (250 
Ma). An alternative mechanism for overpressure generation was therefore needed to 
explain the present day magnitude of overpressure in the basin. 
In contrast, this study has shown that even if there were no pressure seals and 
the evaporites were modelled to allow fluid flow on the edges of the basin, then there 
is still some overpressure in the basin at the end of the Triassic (199 Ma) (Fig 6.28, 
sub-section 6.3.2.2). This overpressure is then increased further by the deposition of 
Cretaceous and Palaeocene sediments, so that by the time of maximum burial (55 
Ma) overpressures are being modelled at up to 3200 psi (Fig 6.29). It is likely that 
this overpressure is retained in the basin at 55 Ma as a consequence of low 
permeability (10-6 mD) mudstones in the section, as well as the Late Permian 
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evaporites. Despite the evaporites being modelled to allow flow on the edges of the 
basin, it is still laterally extensive and would be a very effective seal across the rest 
of the basin helping to maintain the overpressure. However, this research does show 
through modelling that the overpressure is not maintained from 55 Ma through to 
present day if pressure seals are not present (Fig 6.31). Uplift of the basin during the 
Laramide Orogeny (55 - 50 Ma) reduced the overpressure by 2000 psi (Fig 6.29 - 
6.30) through elastic rebound of the pore space and through shrinkage of the pore 
fluids with cooling. The later Basin and Range uplift event (25 - 10 Ma) tilted the 
basin and speeded up the dewatering process by eroding off the evaporites on the 
western edge and allowing connectivity of permeable conduit zones to the surface. 
This study therefore agrees with Lee & Williams (2000) and Hansom & Lee (2005), 
where the need for pressure seals in the basin is essential if disequilibrium 
compaction generated overpressure is to be maintained till present day. The 
discussion regarding the presence of pressure seals in the Delaware Basin will be 
looked at later in sub-section 7.3. 
This study has shown that a full burial history obtained using AFTA, vitrinite 
reflectance and shale compaction curves, is required before the pore pressure history 
can be appreciated. In addition it is important to appreciate the petrophysical nature 
of the sediments and their lateral extent. 
In Cenozoic basins undergoing active (rapid) sedimentation (e. g. Gulf Coast, 
Table 7.1), overpressuring can be readily attributed to the high deposition rates of 
coarse clastics overlying low permeability mudstones (10"3 - 10"6 mD). The 
Delaware Basin is very different from such a setting, and exhibits the need for an in- 
depth study of `old' (Palaeozoic) basins. The approach used in this study has enabled 
a better understanding of complex compartmentalised basins, where disequilibrium 
compaction is the predominant mechanism for overpressure generation. 
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7.2.3 Non-stress related mechanisms (unloading) 
This study has used pore pressure prediction methods (chapter 5.2), which 
depend on the sediment being mechanically compacted. If the pore pressure 
prediction methods underestimate the true formation pressures, it suggests that 
unloading mechanisms contributed to the overpressure. The Devonian Formation 
shows evidence in four wells that its pore pressure may be the consequence of 
unloading processes. Other formations to show evidence of unloading in some wells 
are the Strawn and Cisco formations of the Pennsylvanian System and the Lower 
Wolfcampian Formation. Velocity / density cross-plots were created for the Strawn 
Formation in two wells (Figs 5.12 & 5.13, sub-section 5.3.2) and the results showed 
that unloading mechanisms had taken place. 
This discussions sub-section will integrate results presented in this study 
with findings in previous publications, to suggest viable mechanisms to explain the 
unloading recorded in some horizons. 
Hydrocarbon generation 
Hydrocarbon generation has been suggested as one of the main methods for 
generating overpressure in the Delaware Basin (Luo et al 1994; Lee & Williams 
2000; Hansom & Lee 2005). Hansom and Lee (2005) conclude by saying that oil and 
gas generation can cause excess pore pressure up to 40% and 110%, respectively, of 
that generated by compaction only. This study does not rule out hydrocarbon 
generation as a potential mechanism, as numerous authors have shown that there is 
potential for an increase in pore pressure via this method (Meissner 1978; Ungerer 
1983). Recent studies (Swarbrick & Osborne 1998; Swarbrick et al 2002) have 
shown that it is only gas generation from the source rock or in-situ oil to gas cracking 
within a reservoir can generate large magnitudes of overpressure. 
Basin modelling (sub-section 6.3.1.2) of the Mississippian Barnett, Devonian 
Woodford and Ordovician Simpson source rocks demonstrates that gas was 
generated as a consequence of the burial of the Permian section (255 Ma), which is 
in agreement to what has been previously published in the literature (Barker & 
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Pawlewicz 1987; Luo et al 1994; Hill 1996; Lee & Williams 2000; Hansom & Lee 
2005). None of these source rocks, however, show any evidence of being 
overpressured at present day. This lack of overpressure in the deep section is most 
likely to do with effective dewatering of the sediments after the Basin and Range 
event (25-10 Ma), so the deep section may have been overpressured in the past. 
The only source rock that is overpressured is the Early Permian Wolfcampian 
Series, which reached the gas window 70 Ma (refer to Fig 6.15). Basin modelling 
showed that, due to an initial low TOC value (1.24%) for the Wolfcampian source 
rock, the amount of hydrocarbons generated is low in comparison to the other basinal 
source rocks. For example, the Kimmeridge Clay source rock of the Central Graben 
in the North Sea averages a TOC of 6%. All these factors lead this study to suggest 
that hydrocarbon generation within the Wolfcampian source rock would not have 
generated the magnitude of overpressure that is seen in this formation. Luo et al 
(1994) recognised that the Wolfcampian is not a gas producing source rock, but 
stated that oil generation from the Wolfcampian would have generated overpressure. 
Again this seems unlikely following the work by Swarbrick et al (2002), who state 
that oil generation is unlikely to generate large volumes of overpressure. 
Swarbrick et al (2002) suggested that a more likely overpressure generating 
mechanism is oil to gas cracking in the reservoir, where in a tightly sealed reservoir, 
the potential exists for a significant volume expansion. Basin modelling from this 
study (Fig 6.20, sub-section 6.3.1.2) has shown that units below and including the 
Lower Wolfcampian Series would have reached the required conditions for oil to 
crack to gas in the reservoir by the time of maximum burial (55 Ma). For oil to gas 
cracking to be a viable mechanism in some reservoirs, the oil needs to be trapped 
within a reservoir. In the Delaware Basin there are numerous Palaeozoic structural 
highs that could be suitable traps for hydrocarbons. For example, the Jo Neal 43 well 
is located in Pecos County in the deep section of the basin. Pore pressure prediction 
methods were used on the sonic log from the well (sub-chapter 5.2.2). The results 
showed that the methods were underpredicting pore pressures for the Wolfcampian 
Series, the Pennsylvanian Cisco Formation, and the Devonian Formation. The well is 
located at the apex of a structural high, where oil could be trapped (refer to Fig 6.23 
sub-section 6.3.1.2) and the conditions in these reservoirs permit oil to gas cracking 
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to take place. Known deep basin reservoir plays exist in the Wolfcampian Series, 
Pennsylvanian System, Devonian Formation, Ordovician and Silurian (Dutton et al 
2005). In conclusion, overpressure generation as a consequence of oil to gas cracking 
may be occurring in the deep basin but on localised scale within some tightly sealed 
compartmentalised horizons. 
Lateral Transfer 
The lateral transfer of fluids from deep overpressured parts of the basin along 
laterally extensive inclined aquifers will enhance overpressure on the structural high 
(Yardley & Swarbrick 2000). Pressure differences up to 3000 psi have been recorded 
in the South Caspian Sea, believed to be a consequence of lateral transfer (Swarbrick 
2003). Chapter 6 (sub-section 6.3.1.2) demonstrated that Palaeozoic structures in the 
Delaware Basin have produced tilted reservoirs, where lateral transfer may be 
occurring, for example, the Jo Neal 43 well in Pecos County (Fig 6.23). If this 
mechanism did occur in the Delaware Baisn, then it would be only to enhance the 
overpressure that had already generated in the basin. 
Gas expansion with uplift 
The expansion of a gas with uplift has the potential to create high 
overpressures if it is in a well sealed system (Osborne & Swarbrick 1997). However, 
there has been very little quantification of this mechanism in the literature and so its 
potential to be a mechanism of overpressure generation in the Delaware Basin is 
entirely hypothetical. What is known through the results of this study is that the 
Delaware Basin has experienced significant uplift during the Cenozoic (chapter 4). 
All source rocks below and including the Lower Wolfcampian reached the gas 
window prior to uplift 55 Ma. Also the mudstones in the basin are very tight (10"6 
mD) and with the inclusion of tight limestones, there is the potential to create a well 
sealed system. More research is therefore needed on the role and importance that this 
mechanism may have on the pressure system in the basin, but it has the potential to 
have a significant impact. 
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Smectite to Illite transformation 
Luo et al (1994) attributed smectite to illite transformation as one of the 
mechanisms behind overpressure generation in the Delaware Basin. However, the 
only evidence Luo et al (1994) used to base this conclusion on, is that the 
overpressured zone in the basin corresponds to the temperature range that is 
favourable for smectite to illite transformation (70-150 °C). In a discussion and reply 
to Luo et al (1994), Swarbrick (1995) stated that the contribution to overpressure by 
smectite to illite transformation in the Delaware Basin cannot be evaluated based on 
the data given by Luo et al (1994). This study has not produced any further evidence 
other than agreeing with Luo et al (1994) regarding the temperature profile of the 
basin (Fig 6.20, sub-section 6.3.1.2). Also Swarbrick et al (2002) suggested that any 
overpressure generated by this mechanism would most likely be insignificant and so 
is not considered to be a major contributor to overpressure in this study. Therefore 
further specific research on the mudstones in the basin needs to be carried out gain a 
better understanding of this mechanism and its applicability to the Delaware Basin. 
Hydrocarbon buoyancy 
For this to be a viable mechanism of overpressure generation, then a large 
hydrocarbon column height is needed (Swarbrick & Osborne 1998). This study had 
limited pressure data that was taken from the same formation. Often only one DST 
measurement was taken. Therefore analysing the pressure gradients and hence 
identifying a hydrocarbon column within the basin was not possible. Also this 
mechanism is restricted to structural and stratigraphic traps and cannot cause 
regional overpressure (Swarbrick & Osborne 1998). For these reasons, this 
mechanism has not been analysed further. However, it would be advisable to know 
the hydrocarbon column height of a play if it is about to be drilled, as pressures could 
be enhanced by up to 1000 psi if a1 km dry gas column was present (Swarbrick et at 
2002). 
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7.3 Maintenance of overpressure in the Delaware Basin 
Chapter 5 (Fig 5.16, sub-section 5.4.1) showed that shale compaction trends 
in sonic logs indicate that dewatering of mudstones in the basin continues at present 
day. If the basin is currently dewatering, then the pressure system in the basin is in a 
dynamic compared to static state, in agreement with the definition of overpressure by 
Swarbrick (2003): 
"Overpressure results from the inability of pore fluids to escape at a rate which 
allows equilibration with a column of static water connected to the surface. " 
The evidence of dewatering at present day suggests the overpressure has been 
maintained in the geological past. 
The very existence of overpressure in young basins that are rapidly subsiding, 
such as the Tertiary deltas of the Mississippi, Nile and Mahakam, can be easily 
explained through disequilibrium compaction related to the high sedimentation rates 
and the predominance of low permeability lithologies. These geological settings 
maintain overpressure through continuous burial without the need of a seal. 
However, what is not well understood is how overpressure can exist in older basins 
that have not undergone active sedimentation in tens to hundreds of millions of 
years. 
Basin modelling results (Fig 6.13, sub-section 6.3.1.1) showed that the whole 
basin became overpressured as a consequence of the rapid burial of the Permian 
section (270 Ma - 250.6 Ma). However, results from chapter 4 (Fig 4.32, sub-section 
4.2.4.1) showed that the Late Permian Delaware Mountain Group was normally 
pressured by the time of maximum burial 55 Ma. This shows that the pressure 
system in the basin has always been in a dynamic state attempting to reach pressure 
equilibrium and the Late Permian evaporites must have allowed some fluid flow to 
occur out of the basin if geological units are returning to hydrostatic pressures. 
Modelling results then showed that if the basin carried on in a dynamic state, little 
overpressure would remain in the basin at present day with the model 
underpredicting the magnitude of true recorded overpressures by up to 6000 psi (Fig 
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6.31, sub-section 6.3.2.2). Modelling does show that low permeability mudstones 
(10"6 mD) and the Late Permian evaporites (modelled to allow flow on the edges) can 
maintain overpressures in the basin since generation (-270 Ma) through to 25 Ma 
(Figs 6.28 - 6.31). However, the modelled magnitude is less than the true recorded 
values of overpressure in the basin and another method of maintaining the 
overpressure is therefore needed. 
Either gas capillary seals (Boult et al 1997; Lee & Demming 2002; Cranganu 
& Villa 2006), or pressure seals (Bradley & Powley 1994; Luo et at 1994; Al-Shaieb 
et al 1994; Lee & Williams 2000; Lee & Demming 2002) are able to maintain 
overpressure for long periods of geological time (Table 7.1), and their applicability 
to the Delaware Basin is discussed in sub-sections 7.3.1 and 7.3.2. 
7.3.1 Gas capillary seals 
A gas capillary seal is a seal that restricts the flow of hydrocarbons, and is 
formed when the capillary pressure across the pore throats (a function of the surface 
tension between the wetting fluid and the migrating hydrocarbon) is greater than or 
equal to the buoyancy pressure of the hydrocarbons. Gas capillary sealing has been 
proposed as the mechanism for maintaining overpressure in the Andarko Basin, 
Oklahoma (Cranganu 2004; Lee & Demming 2002), the Laramide basins of 
Wyoming (Surdam et al 1997), and the Ermonanga Basin, Australia (Boult & 
Theologou 1997). It is common to find gas systems associated with geopressure 
systems that are both over and underpressured (Hunt 1990, and Law 2002). 
The association between gas and anomalous pressures suggests a relationship 
between gas and reduced permeability. This, however, cannot explain all situations 
and although the Delaware Basin has deep centred gas (R. Webster pers. comm. ), no 
evidence has been found from wireline logs to link the compartmentalised 
overpressured section with gas horizons. In this study, the lack of density and 
neutron logs run in the same wells has hindered the identification of strata that are 
saturated with gas. 
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One suggested example of a location in the basin where gas capillary sealing 
may be occurring, but cannot be proved, is in the JO Neal 43 well in Pecos County 
(Fig 6.23). This well is located at the apex of an anticlinal trap, where hydrocarbons 
could be saturated in suitable reservoirs. Pore pressure prediction methods using 
sonic log were underpredicting overpressures in the Wolfcampian, Cisco and 
Devonian formations, suggesting unloading mechanisms such as oil to gas cracking 
may have an influence. Therefore without suitable proof to identify the presence of 
gas in the trap and its stratigraphic relationship to the overpressured units, gas 
capillary sealing can only be hypothesized in the basin. 
7.3.2 Pressure seals 
A pressure seal is a seal that restricts the flow of both hydrocarbons and 
brine. It is formed where the pore throats become effectively closed, and the 
permeability approaches zero (Bradley and Powley 1994). Generally, a pressure seal 
can be any lithological unit that prevents fluid movement over substantial intervals of 
geological time (Hunt 1990). The existence of pressure seals is widely accepted as a 
mechanism for the maintenance of overpressure in basins (Bahr et al 1994; Luo et al 
1994; Drzewiecki et al 1994; Surdam et al 1994; Wilson et al 1998; Lee & Williams 
2000; Luo et al 2003). 
The results from chapter 5 showed that calcite-rich horizons within the basin 
coincided with the peaks of high shale travel time (Fig 5.16). This is evidence to 
suggest that lithological horizons may act as pressure seals in the basin and control 
the dewatering of the basin. This is in agreement with Luo et al (1994), who 
concluded that pressure seals do exist in the Delaware Basin and that calcite 
cementation is a likely cause of the seal. Other authors (Hunt 1990; Drzewiecki et al 
1994) also concluded that calcite cementation is a controlling factor on the sealing 
capacity in other basins (e. g. Michigan Basin). Within the overpressured section of 
the Delaware Basin, there are potentially five pressure seals (Fig 5.16) that may be 
creating compartmentalisation within the basin and controlling the maintenance of 
the overpressure (Fig 7.4) 
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Fig 7.4. Example of two pressure seals in the Delaware Basin. Carbonate beds are 
located at the bottom of the Cisco Formation and at the top of the Atoka Formation, 
influencing the overpressure in each section. 
Lee and Williams (2000) stated that pressure seals in the Delaware Basin 
would require a nanoDarcy scale of permeability in order to retain the overpressure. 
Using this suggested permeability, basin modelling was used to model the effect of 
pressure seals in the Delaware Basin with respect to the overpressure maintenance in 
the basin (Figs 6.32 - 6.36, sub-section 6.3.2.3). 
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The results from the pressure seal modelling show that if tight lithologies 
acting as pressure seals are present in the basin, then significantly more overpressure 
can be maintained in the basin at present day. Also the modelled present day 
overpressure pattern is very similar to that of present day (Fig 6.36). The model is 
also showing the Delaware Mountain Group to be almost hydrostatically pressured at 
maximum burial (55 Ma) as well as the Bone Spring formations at 25 Ma, agreeing 
with conclusions made in chapter 4 that these horizons would be normally 
compacted at 55 Ma and 25 Ma respectively. Although the model is predicting slight 
overpressures in these horizons, it needs to be remembered that a 2D model has 
limitations. A basin is 3D in nature and fluid flow can occur along three dimensions. 
Therefore, the model may be overpredicting the overpressure, as there may be more 
drainage pathways allowing more effective dewatering of certain horizons. 
7.4. Discussion: A summary 
This chapter has integrated the results of this research with other ideas and 
conclusions from published work, and shown the complexities involved in analysing 
the pore pressure histories of `old' Palaeozoic basins such as the Delaware Basin. It 
has been shown that a complete understanding of the burial and tectonic history of a 
Palaeozoic basin is essential prior to modelling the pressure history. An important 
aspect of overpressure that has been highlighted is its maintenance through time, 
because overpressure has been maintained in the Delaware Basin for over 270 Myr. 
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The Delaware Basin is the largest sub-division of the Permian Basin lying to 
the east of the Basin and Range uplift. The basin extends eastward across parts of 
western Texas and southeastern New Mexico. The basin is perhaps most famous 
geologically for the Capitan Reef of Upper Permian age, but economically has long 
been explored for hydrocarbons and its stratigraphy and tectonic history are now 
reasonably well constrained. Although old and now tectonically quiescent, the 
Delaware Basin is extensively overpressured. The origin of the overpressure and its 
maintenance has been unconvincingly explained with limited data sets in previous 
publications (e. g. Luo et al 1994; Lee & Williams 2000; and Hanson & Lee 2005). 
Overpressure is commonplace worldwide in young, actively subsiding basins 
undergoing rapid compaction (e. g. the Gulf Coast basin of the United States). H 
However, it is less common and has rarely been documented in detail from mature 
Palaeozoic basins, such as the Delaware Basin, where there has been insignificant 
sedimentation for the last 250 Myr. The preservation of overpressure to the present 
day in the Delaware Basin has long required an explanation. This study has 
incorporated large data sets from several hundred wells (666) with some outcrop 
field data and used analytical techniques such as, apatite fission track analysis, 
vitrinite reflectance, shale compaction curves, wireline logs, well pressure testing 
and basin modelling to provide a better understanding of (i) the generation of 
overpressure in the Delaware basin; (ii) the maintenance and distribution of 
overpressure in the Delaware basin; and (iii) how techniques can be effectively 
applied to constrain overpressure distribution in basins to aid in hydrocarbon 
exploration and recovery. 
The key conclusions are provided below. 
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8.1 Key Findings 
8.1.1 Origins of overpressure 
Chapter 8: Conclusions 
9 The presence of overpressure in the basin is explained by disequilibrium 
compaction as the main process. 
o Basin modelling conclusively showed that rapid deposition of the 
Permian section inhibited the underlying sediments from dewatering 
at a rate that would enable pressure equilibrium to occur in the basin. 
o Pore pressure prediction methods (equivalent depth method and the 
Eaton ratio method) using sonic logs accurately predicted the 
measured formation pressures in the overpressured section of the 
basin, indicating that the sediments are undercompacted. 
oA velocity / density cross-plot was made for the overpressured 
Pennsylvanian Morrow Formation of the Hill Haley 1a well in the 
centre of the basin. The results agreed with the pore pressure 
prediction methods, suggesting that the section is overpressured due 
to disequilibrium compaction. 
" Unloading mechanisms may have contributed to overpressure to a lesser 
extent, on a localised scale within certain formations in the basin. 
o Analysis of the overpressured Pennsylvanian Strawn Formation in 
two wells, using velocity / density cross-plots, indicates that 
unloading mechanisms are affecting the sediments. 
o Based on pore pressure prediction methods only, other formations that 
may have experienced unloading effects include the Wolfcampian 
Series (Early Permian), Pennsylvanian Cisco Formation, 
Mississippian Limestone Formation and the Devonian Formation 
(Early Devonian). 
o Basin modelling showed that the Wolfcampian source rock had 
entered the gas window prior to maximum burial 55 Ma. The amount 
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of gas generated from this source rock would have been small, 
however, due to a low initial TOC. It is therefore unlikely that any 
significant overpressure would have been generated through gas 
generation in the Wolfcampian Series. 
o Basin modelling shows that for reservoirs below and including the 
Lower Wolfcampian, if a suitable trap is present, then the units will be 
saturated with hydrocarbons and by maximum burial (55 Ma) the 
temperature conditions would be suitable for oil to gas cracking. 
Known reservoir plays in the basin include the Devonian Formation 
and the whole of the Pennsylvanian System. Overpressure generation 
through oil to gas cracking in the Devonian Formation or in the 
Pennsylvanian System is therefore a likely scenario, however, it is 
still theoretical as there is no conclusive evidence. 
o Lateral transfer may enhance overpressures at structural crests in 
Palaeozoic reservoirs within the basin. For example the Jo Neal 43 
well in Pecos County may be experiencing enhanced overpressure 
within the Pennsylvanian Cisco Formation due to lateral transfer. 
o Other unloading mechanisms may have influence on the overpressure 
system in the basin, such gas expansion with uplift or hydrocarbon 
buoyancy. However, this study does not have enough conclusive 
evidence to categorically state whether these mechanisms may have 
an influence in the Delaware Basin, but this study cannot rule them 
out. 
8.1.2 Maintenance of overpressure 
" Basin modelling showed that overpressure in the basin is controlled by a 
number of pressure seals. 
o Overpressure generated in the basin primarily due to disequilibrium 
compaction due to the burial of the Permian section. The Late 
Permian evaporites coupled with low permeability mudstones within 
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the basin, hindered the initial dewatering of the sediments and 
overpressure developed within the whole basin (250.6 Ma). 
o Laterally extensive tight carbonates (< 2% porosity and nanoDarcy 
scale permeability) within the basin acted as pressure seals, and 
compartmentalised the basin. They maintained the overpressure in the 
Lower Permian Wolfcampian Series, Pennsylvanian System and the 
Devonian Formation. All other units above and below, have not been 
effectively sealed, and pore pressures have returned to hydrostatic by 
present day. 
8.1.3 Techniques 
9 An important conclusion to draw from the results is that overpressure in the 
Delaware Basin is a dynamic rather than a static system. The shale 
compaction curves based on the sonic logs show evidence of palaeo and 
present day dewatering patterns in low permeability mudstones. 
" This study suggests that sonic logs are a very useful tool for representing the 
porosity of the mudstones, and for determining the basin's present day pore 
pressure. 
8.2 Summary comments 
All the conclusions that have been stated in this chapter are dependent on an 
accurate burial history. This is the first study on the Delaware Basin that has used 
apatite fission track analysis alongside vitrinite reflectance and shale compaction 
curves to assess the basin's burial history. 
The burial history that has been deduced is significantly different to the 
previously published scenarios, where there was no significant deposition on top of 
the preserved Triassic in the basin, and the well published Cenozoic tectonic events 
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this analysis could not be undertaken. If good samples can be found, then 
fluid inclusion analysis is highly recommended tool for understanding a 
basin's pore pressure history. 
"A lot of the research carried out on this study was dependent on an accurate 
understanding of the porosity-depth relationships for the mudstones in the 
basin. One controlling factor of a mudstone porosity is the clay content of the 
sample. For any future work, the analysis of the clay fraction of the 
mudstones would be recommended. 
" 3D analysis of a basin through basin modelling, or lithological correlation is 
necessary to gain a complete understanding of the basin in terms of fluid 
flow, lateral extent of horizons, etc. 
The Delaware Basin is part of the larger Permian Basin. The Midland Basin 
to the east, and the Val Verde Basin to the south have a similar burial and 
tectonic history to the Delaware Basin. These two basins however, do not 
have any overpressure preserved in their section (R. Websterpers comm). 
This study had no data available for the two basins and so an accurate 
correlation to the Delaware could not be made. It is therefore advisable that a 
complete basinal study is conducted for the two basins, if the pore pressure 
history of the Delaware Basin is to be understood further. 
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